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Pleitner, Aaron, M. Ph.D., Purdue University, May 2015. Transcriptional Stress Response 
in Foodborne Pathogens. Major Professor: Haley F. Oliver.   
 
 
Novel molecular method use is leading to better identification and understanding 
of microbial presence in food and food processing environments.  The application of 
molecular methods targeting foodborne pathogens provides genetic profiling and targeted 
intervention methods.  Whole-genome sequencing (WGS) provides information on the 
genomic uniqueness of specific pathogens and is being implemented in epidemiological 
investigations.  Transcriptomic profiling allows for tracking the differential expression of 
genes and elucidating stress responses.  Effective methods and treatments require an 
understanding of intervention (e.g. sanitizers) and treatment (e.g. antibiotics) mechanisms 
and efficacies. Accurate novel molecular method use requires proper learning of theory 
and data management.  Current Food Microbiology curricula is lacking on these methods.   
 Chlorine dioxide (ClO2) is a popular sanitizer in the food industry, yet the 
mechanism of bacterial inactivation has not been fully elucidated.  Here, we examined 
the response of Listeria monocytogenes to sublethal concentrations of aqueous ClO2 was 
assessed.  L. monocytogenes was grown to early log phase in BHI broth and exposed to 
ClO2 concentrations of 100, 300, and 500mg/L; assessment identified a concentration of 
500mg/L to be significantly differently than 100 and 300 mg/L (p-value<0.05).  
Transcriptional profiling of L. monocytogenes exposed to 300mg/L ClO2 was performed 
by microarray with select genes confirmed by qRT-PCR.  Microarray analysis identified 
340 genes as differentially expressed with 223 genes upregulated (fold change >1.5; adj. 
p-value <0.05).  Analysis revealed 113 and 16 genes differentially expressed belonging to 
major stress regulons σB and CtsR, respectively.  Phenotypic screening with isogenic 
ΔsigB and ΔctsR mutants revealed the absence of these regulators increased susceptibility 
xvii 
 
to ClO2.  This study elucidates the bacterial response to a popular sanitizer and provides 
evidence to effectively combine ClO2 with other intervention methods. 
 Infections related to methicillin-resistant Staphylococcus aureus (MRSA) first 
originated in the hospital setting.  MRSA is now acquired in community settings, in the 
general population consisting of patients with no recent hospital exposure.  MRSA has 
been isolated during screening studies of livestock yards and food products along the 
food continuum.  Transcriptome analysis of typically applied stressors provides an 
understanding of resistance mechanisms responsible for bacterial persistence.  RNA-
Sequencing was used to assess the global transcriptome of MRSA during normal growth 
conditions (early log and stationary phase) and typical stressors of osmotic and antibiotic 
pressures.  The response to bacteriostatic antibiotics and the role of the major stress 
regulon, σB, during osmotic stress was elucidated.  The activity of σB, encoded by rpoF, 
was investigated during osmotic stress (NaCl) applied to MRSA JE2 wildtype and JE2 
rpoF::TnT, revealing 371 differentially expressed genes (adj. p-value <0.05).  The 
virulence regulators agr and sar were upregulated in the rpoF::TnT strain.  Three 
antibiotic resistance genes were downregulated.    Exposure to tetracycline and 
vancomycin resulted in 1641 and 311 differentially expressed genes (adj. p-value <0.05), 
respectively.  Downregulated genes encoding for metabolic functions and cell division 
were overrepresented for both antibiotics.   
 While the implementation of new molecular methods is occurring, updated course 
materials are essential in training young Food Safety professionals.  Lecture- and 
laboratory-based modules on PCR and PFGE were introduced into an existing 
undergraduate Food Microbiology course for at least 3 semesters.  The material was 
developed to engage undergraduates with interactive group activities, hands-on analysis 
of data, and group discussions.  Normalized change analysis of pre- and post-instruction 
evaluations revealed increases in student learning of (0.60 + 0.32 and 0.50 + 0.33) for 
PCR lecture and lab and (0.51 + 0.30 and 0.56 + 0.38) for PFGE lecture and lab.  Effects 
of academic year were observed, suggesting that material may need to be adjusted to fit 
student aptitude.  A Case-study based course was developed and taught to higher level 
undergraduates and graduate students at four separate universities.  All students had a 
xviii 
 
background in Food Safety.  Four case studies were developed and involved molecular 
and epidemiological methods typically used in outbreak investigations.  Evaluations 
revealed significant increases in learnings with overall mean normalized change increase 
of 0.32 + 0.35 between pre- and post-instruction scores.  Comparison of individual and 
group learnings revealed that institution, instruction, learning environment and pre-
evaluation scores played a role in overall learnings.  Both studies provide platforms for 
introducing the theory and use of molecular methods.  The application of molecular 
methods allowed for the elucidation of foodborne pathogen stress response to popular 
intervention strategies.  The mechanism of ClO2 was investigated by observing the 
transcriptional response of L. monocytogenes.  The σB regulon of MRSA was defined by 
RNA-Seq. The transcriptional responses of MRSA to sublethal concentrations of 
antibiotics, tetracycline and vancomycin, were also tracked.  Effective teaching methods 
involving molecular method theory and use are presented here.  Adequate molecular 
method use is pivotal to pursue a safer food supply and properly investigate outbreak 
investigations.  Research further investigating the stressosome of MRSA and L. 
monocytogenes to other interventions is suggested.  The adaptation of the teaching 








CHAPTER 1. INTRODUCTION 
1.1 Introduction 
Novel molecular methods in Food Microbiology and Safety are rapidly becoming 
more applicable for detecting bacterial presence in food products and environments.  
Although the availability of novel molecular methods is increasing, traditional methods 
are still taught and focused upon in epidemiological investigations and in teaching Food 
Safety professionals.  The use of new techniques requires evidence for efficacy in 
epidemiological pursuits.  Additionally, knowledge can be gleaned on typical foodborne 
pathogens from such techniques.  With aims to understand the reaction of typical 
foodborne pathogens, the following molecular methods were employed: (1) cDNA 
microarray for known gene transcriptional analysis, (2) whole genome sequencing 
(WGS) for strain characterization and genomic element elucidation, and (3) deep RNA-
Sequencing (RNA-Seq) for global transcriptome analysis.   Additionally, the 
development of up-to-date pedagogical programs for teaching Food Science professionals 
molecular techniques were developed here, including Pulsed-Field Gel Electrophoresis 
(PFGE), Polymerase Chain Reaction (PCR), and WGS.  The techniques employed in the 
following studies are either the traditional gold standard or are fast becoming the popular 
choice for understanding foodborne pathogens. 
 
1.2 Foodborne Disease and Outbreaks 
Foodborne disease is a considerable public health concern, with an estimated 9.4 
million incidences, 55,961 hospitalizations and 1,351 deaths, annually, in the United 
States (Scallan et al. 2011).  Poultry, fish and beef products are the three most common 
food associated with outbreaks, resulting in 19%, 19% and 12% of total outbreaks, 
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respectively (Gould 2013).  Poultry, leafy vegetables, beef and fruits/nuts have resulted in 
the most outbreak-related illnesses, making up 17%, 13%, 12%, and 11% of illnesses 
from foodborne outbreaks, respectively (Gould 2013).  The economic effects of 
foodborne illness include healthcare costs, loss of productivity and loss of food product 
and therefore revenue loss to food producers (McLinden et al. 2014). Estimated costs of 
foodborne illnesses, based on numbers estimated by Scallen et al. 2011, are between 51 
and 77.7 billion dollars (Scharff 2012).   
The Scallan et al. report identifying annual foodborne disease takes into account 
31 pathogens, including L. monocytogenes and S. aureus.  An estimated 1,600 cases of 
listeriosis occur annually in the United States with 16% resulting in death (Scallan et al. 
2011).  Historically, L. monocytogenes has been a concern in ready-to-eat (RTE) 
products, specifically meat, smoked fish and dairy products (FDA 2003; FSIS 2010; 
Todd 2011).  One of the common populations susceptible to infection by L. 
monocytogenes is pregnant women, with listeriosis 18 times more common in the 
pregnant population (Southwick & Purich 1996).  The incidence of listeriosis during 
pregnancy includes fetal transmission from maternal illness (Lamont et al. 2011).  
Listeriosis in pregnant women can lead to spontaneous abortion or stillbirth (Johnston et 
al. 1955).  The occurrence of L. monocytogenes in the food continuum complemented 
with the severity of infection in the pregnant population deems the mitigation of L. 
monocytogenes a necessity.   
An estimated 241,148 foodborne illnesses are linked to S. aureus annually in the 
United States with hospitalization required for 6.4% of patients (Scallan et al. 2011).  It is 
estimated that S. aureus colonization of the general population is roughly >30% 
(Kuehnert et al. 2006; Nulens et al. 2005).  Development of antibiotic resistance in S. 
aureus, most commonly including β-lactams, is occurring.  Resistance characteristics are 
becoming more common in isolates sourced from S. aureus infections in the general 
population (Mostofsky et al. 2011; Tong et al. 2008).  The occurrence of antibiotic 
resistant S. aureus has been established in food products as well (Normanno et al. 2007; 
Pereira et al. 2009; Pu et al. 2009).  Understanding the transmission, persistence and 
intervention resistances of S. aureus is necessary to promote public health. 
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1.2.1 Listeria monocytogenes  
L. monocytogenes is a Gram-positive, facultative anaerobic rod.  It is ubiquitous, 
being found in soil, animal feces, water, food-production environments and agricultural 
settings (Farber & Peterkin 1991; Fenlon 1999; Gravani 1999; Oliver et al. 2007).  
Recently, there has been an increase in incidence from produce, including large multistate 
outbreaks linked to (i) cantaloupe resulting in 146 cases and 30 deaths (Laksanalamai et 
al. 2012) and (ii) caramel apples resulting in 32 cases and 6 deaths (Multistate Outbreak 
of Listeriosis, 2014) .  Such a broad spectrum of RTE products and high mortality risk 
associated with this foodborne pathogen make it a serious concern.  The ability of L. 
monocytogenes to tolerate harsh environmental conditions is a reason for its ubiquitous 
nature.  Tolerances for low temperatures (Bjard et al. 1996), osmotic (McClure et al. 
1989) and acidic (Phan-Thanh et al. 2000) conditions are of particular concern in the food 
industry as these are typical conditions employed for abatement.  Exposure to multiple 
intervention methods and hurdles promotes a cross resistance, or resistance priming, in L. 
monocytogenes.  The application of low temperatures provides a higher tolerance for salt 
stress (Bergholz et al. 2012; Bergholz et al. 2010).  The presence of high salt 
concentrations also provides a cross resistance to hydrogen peroxide (H2O2) (Bergholz et 
al. 2012), high temperatures and low pH (Skandamis et al. 2008).  The application of 
alkaline pH increases tolerance for high salt and ethanol (Giotis et al. 2008).  Aside from 
food processing, exposure to stress conditions, specifically acid, has shown to relate to 
increased virulence (O’Driscoll, et al. 1996). 
 
1.2.2  Staphylococcus aureus 
S. aureus is a Gram-positive, facultative anaerobe.  It is a non-motile coccus-
shaped bacterium that forms grape-like clusters (Tzagoloff & Novick 1977).  S. aureus is 
typically found on epidermis tissue and mucous membranes (e.g. nasal cavity) of humans 
and livestock (Stewart 2005; Williams 1963).  S. aureus has a high salt tolerance (>10% 
NaCl) (Parfentjev & Catelli 1964).  The tolerance for low aw allows for the harborage on 
skin and in other dry environments.  The mechanism for foodborne disease of S. aureus is 
through intoxication following the ingestion of contaminated foods.  A total of 22 
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different enterotoxins produced by S. aureus have been identified (reviewed in Argudin 
et al. 2010).  Foods of concern include meat products, salads, cream-filled bakery 
products, and dairy products (Bennett et al. 2013).  Contamination typically originates 
from human carrier cross-contamination and inappropriate storage conditions, leading to 
toxin production.  Contamination of food products with methicillin-resistant S. aureus 
(MRSA) is now occurring (reviewed by Doyle et al. 2012).  MRSA has been isolated 
retail meat (Buyukcangaz et al. 2013), beef and pork commercial meat products (Wells & 
Juett 2012), and dairy milk (Huber et al. 2010).  Historically, MRSA has been transmitted 
in hospital settings, designated as hospital-acquired (HA)-MRSA.  The rate of 
methicillin-resistance in nosocomial infections during hospitalization has reached 50% of 
S. aureus infections (NNIS 1999).   Increases in MRSA infection have become prevalent 
in community-acquired (CA) settings which is typically designated based upon patient 
history with no recent hospitalization (Berman et al. 1993).  Salgado et al. reviewed a 
total of 18 studies reporting CA-MRSA, identifying MRSA prevalence and estimating 
that 1.3% of the general population are general carriers.  Carriage rate increased to 5.4% 
in households that included a day care or hospital employee with exposure to MRSA 
patients and to 17.8% in households with an MRSA patiently recently discharged from 
the hospital (Salgado et al. 2003). 
MRSA resistance to commonly prescribed antibiotics eliminates the standard 
treatment options.  The acquisition of the Staphylococcal Cassette Chromosome mec 
(SCCmec) provides resistance to methicillin and other β-lactam antibiotics.  Additional 
antibiotics, including erythromycin, spectinomycin, tetracycline, and kanamycin, have 
become ineffective to specific strains of MRSA as genes responsible for resistance to 
these antibiotics are also carried within the mobile mec cassettes (Saїd-Salin et al. 2003).  
Resistance is dependent upon the classification of acquired SCCmec.  Eight different 
SCCmec have been identified (IWG-SCC 2009).  Resistance to vancoymycin, the last 




1.3  Stress Response and Adaptation 
Efforts towards providing a safe food supply include the application of 
intervention methods and proper sanitation.  Foodborne pathogen persistence still occurs, 
however (reviewed in Wesche et al. 2009).  In order to persist in harsh environments, the 
response of the cell in surviving and persisting must be rapid.  Resilience of foodborne 
pathogens is due to tolerances of harsh conditions present in or stemming from (i) water 
and soil, (ii) processing environments, (iii) intervention processes, (iv) intrinsic and 
extrinsic factors within food products, and (v) host immune response (Boor 2006).  
Resilience throughout the food continuum and post-consumption lead to viable cells 
reaching the point of host infection or having the opportunity to produce toxins. 
 
1.3.1  Stress Response Regulation 
Sigma factors are a subunit of RNA polymerase. The sigma factor unit is 
responsible for the recognition of specific promoter regions.  The competitive 
concentrations of sigma factors allows for rapid cellular responses to environmental 
changes based on transcription initiation redirection (Borukhov & Nudler 2003).  Within 
the subsets of Gram-negative and –positive bacteria, sigma factors are relatively 
conserved across bacterial genera and species.  A comparison of 31 bacterial genomes 
revealed homologous regions encoding for alternative sigma factors.  Genes encoding for 
σS (RpoS) and σB (SigB) were commonly present with variable presence of sigma factors 
for flagella, sporulation and other functional roles (Mittenhuber 2002).  Alternative sigma 
factors are responsible for the control of either genes responsible for a specific function 
(e.g. flagella biosynthesis) or a large regulatory network involving a multitude of 
functions resultant from a large amount of genes.  In E. coli, a Gram-negative bacteria, 
sigma factor σ32, or RpoH, is responsible for heat shock response (Grossman et al. 1984), 
σ54, or RpoN, for nitrogen fixation (Hunt and Magasanik 1985) and σ28, or FliA, for 
flagella biosynthesis (Liu and Matsumara 1995).  In Bacillus subtilis, a Gram-positive 
bacteria, σL is responsible for nitrogen fixation (Débarbouillé et al. 1991), σD for flagella 
biosynthesis (Marquez et al. 1990), and five different sigma factors for sporulation (σH, 
σF, σE, σG, σK) (Losick and Stragier 1992).  RpoS is the alternative sigma factor in E. coli 
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that is responsible for the major stress response regulon.  This regulon includes, but is not 
limited to, adaptation to growth during stationary phase, starvation, high osmolarity, high 
acid, and non-optimal temperature (Hengge-Aronis 1999).  In Bacillus subtilis, σB 
provides adaptation during stationary phase growth, alkaline, acid and osmotic stress, 
starvation, and heat (Hecker and Vӧlker 2001; Price et al. 2001). A homologue of sigB 
has been identified with similar general stress regulon capabilities in other Gram-positive 
bacteria, including L. monocytogenes (Wiedmann et al. 1998) and S. aureus (Wu et al. 
1996).   
The role of sigB has been elucidated in L. monocytogenes and S. aureus.  In L. 
monocytogenes, sigB has been shown to play a regulatory role for acid (Wiedmann et al. 
1998; Sue et al. 2004), osmotic (Sue et al. 2004; Utratna et al. 2011), starvation 
(Chaturongakul & Boor 2006), cold (Chan et al. 2007), and high pressure (Bowman et al. 
2008) stresses.  Additionally, sigB also plays a role in virulence (Kim et al. 2005; 
Kazmierczak et al. 2006), biofilm formation and sanitizer tolerance (van der Veen & 
Abee 2010). In S. aureus, sigB has a regulatory role for hydrogen peroxide (Giachino et 
al. 2001; Kullik et al. 1998), UV (Giachino et al. 2001), high acid, high temperature, 
osmotic shock (Chan et al. 1998), and antibiotic resistance (Morikawa 2001; Singh et al. 
2003). It also aids in the regulation of virulence genes (Kullik et al. 1998; Horsburgh et 
al. 2002). 
Several regulatory networks involved with environmental stress, independent of 
alternative sigma factors, have been characterized.  The CtsR (class three stress gene 
repressor) regulon controls the clp chaperon genes and other heat shock related genes in 
both L. monocytogenes (Hu et al. 2007; Nair 2000) and S. aureus (Wozniak et al. 2012; 
Frees et al. 2014).  In L. monocytogenes, the HrcA (heat regulation at CIRCE) regulon 
includes the regulation of other chaperone protein encoding genes (groESL and dnaK) 
(Hu et al. 2007).  The HrcA regulon is also present in S. aureus (Kuroda et al. 1999).  
Interestingly, in S. aureus, both CtsR and HrcA regulate groESL and dnaK synergistically 




1.4  Antibiotic Resistance 
Traditionally, antibiotics target major functions within bacterial cells.  This 
includes cell wall synthesis inhibition, DNA replication, RNA transcription or protein 
synthesis.  Disrupting these different functions can lead to either cell death, in the case of 
bacteriocidal antibiotics, or cell stasis, in the case of bacteriostatic antibiotics (Clatworthy 
et al. 2007). The use of antibiotics for animal health, and in some cases, for growth 
promotion is common practice for livestock production (Mathew et al. 2007).  The 
development of antibiotics is as early as the 1930s with the development of resistance 
following shortly thereafter.   
Table 1.1 Date of antibiotic development and resistance development in bacteria 
Antibiotic Year Introduced Resistance First Identified 
Sulfonamides 1930s 1940s 
Penicillin 1943 1946 
Streptomycin 1943 1959 
Chloramphenicol 1947 1959 
Tetracylcine 1948 1953 
Erythromycin 1952 1988 
Vancomycin 1956 1988 
Methicillin 1960 1961 
Ampicillin 1961 1973 
Cephalosporins 1960s Late 1960s 
  Palumbi 2001 
 
 Resistance in foodborne pathogens has developed against traditional antibiotics 
(Levy 1998).    The development of antibiotic resistance is common in hospital settings 
where antibiotics are routinely used and prescribed.  Community-acquired cases are 
becoming more common (Davies & Davies 2010; Herold et al. 1998) leading to increased 
prevalence of human carriers.  In the United States, 2 million cases of illnesses related to 
bacteria exhibiting antibiotic resistance occur annually, resulting in 23,000 deaths.  Of 
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these cases, foodborne pathogens are a large majority and designated as a ‘serious’ threat 
level by the CDC.  Campylobacter, non-typhoidal Salmonella spp., Methicillin-resistant 
Staphylococcus aureus (MRSA), and Shigella are included with 310,000 (28), 100,000 
(40), 80,000 (11,000), and 27,000 (<5) annual cases (mortalities), respectively (Centers 
for Disease Control and Prevention, 2013). 
 
1.5  Strategies to Manage Environmental Pathogen Presence 
Substantial efforts must be made throughout the food continuum to control 
foodborne pathogens and ensure a safe food supply.  Managing pathogens is typically 
approached through Good Agricultural Practices (GAPS), Good Manufacturing Practices 
(GMPs), Hazard Analysis and Critical Control Points (HACCP), Global Food Safety 
Initiatives (GFSI), and Sanitation Standard Operating Procedures (SSOPs) (CAC 2003; 
Cruz et al. 2006).  The Food and Drug Administration (FDA) publishes the Food Code 
which outlines jurisdictions and programs of GAPs, GMPs, SSOPs and HACCP in retail 
and food service industries (FDA Food Code 2013; FDA CFR 120.6; FDA CFR 110). 
The synergy of these programs is essential for a holistic approach to reducing foodborne 
disease and ensuring public health (Mekonen & Melaku 2014).     GAPs include proper 
procedures on the farm level preceding any processing of raw materials which includes 
cultivation, harvest and storage (US Department of Health and Human Services 1998). 
GMPs are prerequisites for HACCP programs in processing environments.  GMPs target 
the processing environment and focus on cleaning, preventative maintenance, employee 
training, equipment up-keep, building design to limit niche areas, quality assurance of 
incoming ingredients and pest control (Wallace & Williams 2001).  HACCP programs 
are developed uniquely for each processing environment to ensure Food Safety.  The 
effective application of a well-developed HACCP program will greatly aid in controlling 
any pre-identified hazards that may compromise a safe food product.  The design of a 
HACCP plan includes identifying the food product and its use, defining a process flow 
diagram, foreseeing the potential hazards, and determining the ‘critical control point’ 
with correct critical limits that must be met to mitigate the hazards.  These steps are then 
followed by monitoring and corrective actions if the critical limits are not met (CAC 
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2013).  Another complement to HACCP is a SSOP program.  Sanitization procedures 
include cleaning any product contract surfaces, equipment, tools and non-contact surfaces 
in the environment of production.  This might include the concentration of sanitizer 
chemical, frequency of cleaning, procedures for equipment disassembly and reassembly, 
and proper storage and cleaning of utensils.   By following a SSOP program, the 
contamination of product from the environment is mitigated (Mekonen & Melaku 2014).  
Proper sanitation of processing facilities includes the physical removal of organic matter 
followed by application of effective sanitizer chemicals (Setiabuhdl et al. 1997).   
A multitude of sanitizers are available including foaming agents, acid sanitizers, 
iodine cleaner-disinfectant, alkaline cleaner-degreaser, chlorinated alkaline cleaner, 
chlorinated sanitizers, quaternary ammonium, anti-biofilm agent, and acidic peroxygen 
sanitizers (Green et al. 1999).  The efficacy of sanitizer compounds for microbial 
reduction has been studied in food environments (Bae et al. 2012; Pan et al. 2006; Wong 
1998), produce (Ruiz-Cruz et al. 2007; Rodgers et al. 2004; Yu et al. 2001), and 
processing equipment surfaces (Bae et al. 2012; Yang et al. 2009; Sinde & Carballo 
2000).  The implementation of proper sanitation procedures along with the 
aforementioned programs aim to establish sanitary, clean environments to produce a safe 
food product.  However, the testing of the processing environments, raw ingredients and 
final products require proper detection methods to investigate the presence of any 
bacteria of concern. 
 
1.6  Molecular Methods for Identifying and Characterizing Foodborne Pathogens 
The development of rapid methods to identify and characterize foodborne 
pathogen presence is a constant goal.  The detection of possible foodborne pathogen 
contamination is essential in preventing threats to public health.  The considerations that 
go into critiquing methods are vast.  Inclusivity, exclusivity, sensitivity, specificity, 
reproducibility, repeatability, compatibility with standard techniques, and availability of a 
positive control are all factors taken into consideration for detection methods.  Additional 
considerations include differentiation between viable and nonviable cells, ease of use, 
speed, cost and flexibility (Wiedmann et al. 2014).  Development of various theories and 
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methodologies to detect foodborne pathogens includes different types of target 
molecules.  It is possible to target a variety of biological products and residues.  These 
targets include interactions of antigen/antibody, enzyme/substrate/cofactor, 
receptor/ligand and chemical interactions (Thakur & Ragavan 2013; Dwivedi & Jaykus 
2011; Skottrup et al. 2008).  Although there have been well developed methodologies for 
biological products and residues, nucleic acid based techniques have become more 
acceptable based upon the demand for increased method speed and accuracy (Dwivedi & 
Jakus 2011; Wiedmann et al. 2014).  The differentiation between nucleic acid based 
techniques and biological products lies in their target.  Targeting of biological products 
includes microbial substrates, enzymes, cell metabolite products and cell components, all 
of which are produced by viable cells through cellular process.  The nucleic acid-based 
methods target DNA, rRNA and mRNA which are preliminary cell components and 
typically not products of cellular growth or machinery. 
 
1.6.1  Polymerase Chain Reaction 
The target for nucleic acid detection based methods are nucleotide sequences 
specific to the foodborne pathogen of concern.  Predominantly, nucleic acid based 
methods are based on polymerase chain reaction (PCR) (Wiedmann et al. 2014).  PCR is 
an in vitro technique of amplifying a target region of DNA with synthesized 
complementary oligonucleotides, termed primers, specific to the sequence flanking the 
target region of DNA (Erlich 1989).  Specific to Food Safety, PCR has been used to 
target genes specific only to a target foodborne pathogen (Hill & Wachsmuth 1996).  
Examples include: (i) himA   and Salmonella spp. (Bej, et al. 1994), (ii) hlyA or iapA and 
L. monocytogenes (Golsteyn et al. 1991; Bubert et al. 1992), and (iii) entAB and S. aureus 
(Johnson et al. 1991).  Target genes for pathogen presence are either virulence genes or a 
region in the 16S rRNA gene specific to the target pathogen (Hill & Wachsmuth 1996).   
Multiplex PCR is the amplification of multiple DNA targets, concurrently.  
Independent primer sets are developed in coordination with each other for similar melting 
temperatures, amplification parameters and master mix requirements.  Separate bands for 
each region will be amplified and differentiated by size (Edwards & Gibbs 1994).  The 
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application of multiplex PCR includes identification of multiple virulence genes for a 
suspect pathogen or differentiation of multiple pathogens in question.  A multiplex PCR 
assay has been developed for differentiating pathogenic E. coli from each other and 
commensal strains.  Examples targets include eae (intimin), stx1 and stx2 (shiga-toxin1 
and 2), sta (heat-stable enterotoxin), and hlyA (hemolysin A; Franck et al. 1998; Paton 
&Paton 1998).  A similar assay has been developed for S. aureus and identification of 
entABCDE (enteroxin genes), tst (toxic shock syndrome toxin 1), etaAB (exfoliative 
toxins A and B) and metA (methicillin resistance; Mehrotra et al. 2000).  Multiplex PCR 
can also be used to identify if multiple pathogens are present.  Genes specific to 
Salmonella spp. (invA), enterotoxigenic E. coli (ETEC) (elt) and Shigella 
spp./enteroinvasic E. coli (EIEC) (ipaH) can all be confirmed within the same PCR 
reaction (Yu et al. 2007).   
The goal of real-time quantitative PCR (RT-qPCR) development was for 
increased rapid analysis. RT-qPCR requires no post-PCR sample handling in order to 
visualize a product (Heid et al. 1996).  Due to fluorescence emission readings after each 
cycle of PCR, specific sequences can be both identified and quantified.  The Taqman 
method requires the use of a hybridization probe that binds in between the two primer 
regions with a reporter and quenching dye on each end.  When intact, the hybridized 
probe does not fluoresce. Upon activation of the Taq polymerase, the 5’-3’ nucleolytic 
activity cleaves the probe and the reporter fluoresces (Heid et al. 1996).  An alternative to 
the Taqman assay is the use of SYBR green dye.  SYBR green intercalates within double-
stranded DNA.  Increasing PCR product results in more SYBR green being bound, 
producing a higher fluorescence reading (Pain et al. 2004).  RT-qPCR has proven 
successful for detecting foodborne pathogens including L. monocytogenes (Rodríguez-
Lázaro et al. 2004), Salmonella spp. (Bohaychuk et al. 2007), and enterohemorrhagic E. 
coli (Sharma 2002).  To a higher degree of development, the use of multiple different 
reporter dyes has led to the development of multiplex RT-qPCR (Huang et al. 2011; Liao 
et al. 2013).  The developed rapid PCR methods have become accepted within the food 




1.6.2  Pulsed-Field Gel Electrophoresis  
Pulsed-field gel electrophoresis, PFGE, has historically been used for strain 
typing in epidemiological analysis.  The basis for PFGE is the differentiation of similar 
strains based on restriction enzyme band patterns.  The multiple angle application allows 
for separation of larger DNA fragments than traditional electrophoresis (Gardiner 1991; 
Schwartz & Cantor 1984).  Chromosomal DNA is digested or ‘cut’ using restriction 
enzymes in a solid state manner while suspended in agarose gel.  The DNA is uniquely 
cut at the specific digestion site of the restriction enzyme, producing a strain specific 
band pattern (Tenover et al. 1995).  PFGE is the accepted subtyping tool in the United 
States, driven by PulseNet, a surveillance network maintained by the CDC (Boxrud et al. 
2010; Swaminathan et al. 2001).  Standardized protocols for investigating common 
foodborne pathogens, E. coli O157:H7, Salmonella spp., Shigella (Ribot et al. 2006) and 
L. monocytogenes (Graves & Swaminathan 2001) are available for laboratory testing. 
 
1.6.3  Whole Genome Sequencing 
The progression of rapid detection methods coincides with the development of the 
field of Omics (Bergholz, et al. 2014).  Specific to genomics, WGS has become more 
rapid, economical and available.  Increased use of WGS is due to the innovation of Next 
Generation Sequencing (NGS) platforms.  Technologies introduced by Illumina, Ion 
Torrent, Roche 454 and PacBio have led to a competitive development race in WGS 
(Mardis 2013). Comparisons of techniques for sequencing isolates include throughput, 
read length, contiguous assemblies, error rates, run time and cost.  Due to the highest 
throughput, lowest error rate and lowest cost per base sequenced, the Illumina MiSeq 
platform is the preferred choice (Loman et al. 2012).  The differences in efficiencies and 
other characteristics for WGS platforms is a result of the basic chemistries of sequencing 
and amplification techniques.  The predominant amplification techniques include either 
emulsion PCR and enrichment (Ion Torrent, Roche 454) or solid-phase amplification 
(Illumina).  The sequencing chemistries are diverse across all platforms (Loman et al. 
2012). Illumina platforms involve the use of Solexa chemistry with reversible terminator 
nucleotides on the 3’-OH group of each independently fluorescently labeled dNTP 
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(Bentley et al. 2008).  The Roche 454 relies on pyrosequencing chemistry.  In short, each 
individual dNTP is added stepwise to a mixture of template, polymerase, ATP sulfurylase 
and luciferase.  If the dNTP is used in DNA synthesis, PPi is released and used by ATP 
sulfurylase and luciferase to emit light which is then measured (Ronaghi et al. 1998). The 
Ion Torrent system relies on the release of a hydrogen ion as each sequential dNTP is 
added to the template during DNA synthesis.  The ions are measured through ion 
sensitive semiconductors as a sensor (Rothberg et al. 2011). 
WGS is starting to become commonplace during outbreak investigations.  WGS 
provided novel information in 2011 during an outbreak in Germany involving E. coli 
O104:H4.  Specifically, a new pathotype was defined during gene annotation from 
sequence data (Brzuszkiewicz et al. 2011).  Increased discriminatory power of WGS over 
traditional epidemiological methods, specifically PFGE, has been observed (Allard et al. 
2012; den Bakker et al. 2011).  Typing of MRSA with traditional methods is difficult as 
PFGE fingerprint profiles are indistinguishable between strains.  During an ongoing 
outbreak, WGS linked 26 cases of MRSA infection, which traditional methods failed to 
do, allowing for the identification of the source (Harris et al. 2013).  A comparison of 
current typing methods for clinical cases and sample sourcing is presented by Bertelli & 
Greub 2013.  Although WGS has not yet replaced traditional epidemiological methods, it 
is currently complementary.  
 
1.7 Transcriptional Analysis 
The application of current intervention methods and the development of novel 
methods aim to limit the presence of foodborne pathogens in processing environments 
and food products.  It is pivotal to understand bacterial response to such efforts in order 
to (i) design adequate interventions, (ii) limit any cross-resistances due to multifunction 
cellular mechanisms, and (iii) understand any adaptive mechanisms to sublethal stressors.  
Through the quantification of differential gene expression, it is possible to gain insight 




1.7.1 Transcription and Gene Annotation 
The first step of the central dogma for cellular processes is the transcription of 
deoxyribonucleic acid (DNA) to ribonucleic acid (RNA).  The activity of transcription is 
first initiated by the recognition of the RNA polymerase holoenzyme for a promoter 
region whereupon binding of the enzyme occurs.  RNA polymerase is responsible for the 
synthesis of RNA from genomic DNA proceeding the promoter region.  There is an 
abundant number of different promoter sites, with varying homologies within regions -35 
and -10 from the start codon signaling transcription.  Variations from the consensus 
sequence result in varying levels of binding of the RNA polymerase and resulting activity 
(McClure 1985).  Following promoter recognition, the polymerase unwinds the double 
helical genomic DNA reads through the start codon and starts transcribing mRNA (Busby 
& Ebright 1994). 
The identification of coding regions for genes and function annotation is primarily 
predictive from already known genes (Mathé et al. 2002).  The prediction and annotation 
of genes in newly sequenced genomes is performed through computational assignment 
based upon homology, codon usage, ribosome binding sites and promoter regions 
(Nielsen & Krogh 2005).  Such prediction and annotation is pivotal as bacterial genomes 
are being sequenced at an exponential rate.  By defining the genomic characteristics of an 
organism, phenotypic abilities can be proposed.   
 
1.7.2 Microarray Analysis 
Microarray analysis involves the quantification of target nucleic sequences by 
fluorometric qualitative values.  It involves the binding of cDNA (copy DNA) to a solid 
state structure for detection.  The material of structure and chemistry of bound cDNA 
(probe) can vary for differing functionalities, with covalently bound oligonucleotides to 
glass being common (Zammatteo, et al. 2000). The probe is a single stranded long chain 
oligonucleotide.  Each oligonucleotide bound to the microarray has a specific sequence, 
complementary to a target mRNA to be measured.  Prior to exposure to the microarray, 
sample mRNA is reverse transcribed to stable cDNA with a fluorescent label attached 
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during the process, termed the target (Schena et al. 1995; Shalon et al. 1996; Lockhart et 
al. 1996).  The design of the probe takes into consideration the specificity of the target to 
each probe as to reduce any chances of cross-hybridization of one target to different 
probes (Kane et al. 2000). The fluorescence intensity of a labeled sample to the 
complementary oligonucleotide allows quantitation of fluorescent units which is relative 
to the bound concentration.  Specific to transcriptional analysis, a two-color probe 
arrangement is employed for comparing one sample to the next.  Competitive 
hybridization takes place between the two samples and the intensity of each color 
fluorophore is measured.  Such competition allows for the determination of copy number 
abundance of original mRNA molecule concentrations, indicating which sample had 
higher or lower expression relative to each other (Shalon et al. 1996).   
 
1.7.3  Quantitative Polymerase Chain Reaction 
Quantitative Polymerase Chain Reaction (qPCR) employs the chemistry and 
mechanism previously mentioned for qRT-PCR.  Dependent upon the experimental 
design, the quantitation of original DNA molecules is performed through the 
measurement of either:  (i) fluorescence from a bound probe or (ii) an intercalated dye.  
For the measurement of transcriptional activity, qPCR can be used to measure the 
original level of mRNA. (O’Driscoll et al. 1993).  The target gene and subsequent 
transcribed mRNA levels are normalized to a reference or ‘housekeeping’ gene with 
consistent expression.  In doing so, any concerns of variation in starting template 
concentrations and inconsistent enzymatic rates are limited between experiments and labs 
(reviewed in Bustin 2002).  
 
1.7.4 RNA-Sequencing 
The development of sequencing technologies with lower economic cost, higher 
accuracy and speed has allowed for the development of RNA molecule sequencing.  One 
concern regarding microarray and qPCR for transcriptional assessment is that only the 
annotated and predicted protein coding gene regions are targeted (Croucher & Thomson 
2010). Studies involving the sequencing of the whole genome of bacteria have allowed 
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for the elucidation of a more complete picture of genomic information.  This has brought 
a desire and curiosity to quantify the transcript levels for not only the predicted ORFs but 
also all regions along the genome.  RNA-Seq was first developed to elucidate the entire 
transcriptome of a yeast chromosome (Nagalakshmi et al. 2008).  RNA-Seq has allowed 
for the annotation of novel coding sequences (CDS) (Passalacqua et al. 2009; Filiatrault 
et al. 2010; Croucher & Thomson 2010), noncoding RNA (ncRNA) discovery and 
antisense RNA (asRNA) elucidation based upon sequence directionality (Filiatrault et al. 
2010; Croucher & Thomson 2010; Oliver et al. 2009; Güell et al. 2009).   
The RNA sample preparation for transcriptomic assessment requires more 
stringent purification compared to qPCR and microarray.  As rRNA consist of roughly 
90% of total RNA, removal of rRNA is required to limit preferential amplification 
(Sooknanan et al. 2010; Schmieder et al. 2012).  Depleted RNA is converted to a ‘library’ 
consisting of reverse transcribed labelled cDNA of which has been fragmented to a 
specific size range and ligated with adapters (Mäder et al. 2011).  The adapter ligation 
acts as a sample specific label, allowing for multiplexing (Lennon et al. 2010).  When 
multiplexing and developing an experimental design, the number of reads per sample or 
total fragments sequenced should be taken into consideration.  The depth of sequencing, 
or the degree of replicative sequencing of each nucleotide in the genome on average is 
important also.  This is determined by the length of each read and the number of reads per 
sample over the length of the target genome.  The purpose of the experiment should 
dictate the level of depth, as strict mRNA transcript assessment requires less depth, while 
noncoding and antisense RNA molecule quantitation along with mRNA transcript 
assessment requires a higher degree of depth for accurate results (Haas et al. 2012).  
Following the reading of the libraries, raw sequences are aligned to the host genome 
sequence (Nagalakshmi et al. 2008).  
Studies employing RNA-Seq for bacteria are becoming the popular choice for 
global transcriptomics, replacing microarray techniques (Croucher & Thomson 2010).  In 
the past five years, RNA-Seq has led to a more thorough understanding of the 
transcriptomic profiles and abilities of major foodborne pathogens. This includes L. 
monocytogenes (Oliver et al. 2009), Salmonella spp. (Krӧger et al. 2012; Perkins et al. 
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2009), Vibrio cholerae (Mandlik et al. 2011), and Staphylococcus aureus (Beaume et al. 
2010).   
 
1.8 Food Microbiology and Safety Pedagogy 
The development and implementation of rapid molecular methods necessitates 
adequate educational training of professional Food Microbiologists.  The re-designing of 
course curricula to include lacking competencies and novel molecular methods is a means 
to keep pace with new developments and requirements.  Pedagogical approaches, new 
and old, require investigation to identify the most effective way to reach different 
generations of students.  Food Safety experts have identified the core competencies 
expected of undergraduate students.  Necessary skills are lacking in undergraduate 
students including regulatory knowledge, HACCP and GAP training, critical thinking and 
problem solving and applying theoretical knowledge to real-world settings (Johnston et 
al. 2014).  The lack of critical thinking and theory application is of particular concern, 
necessitating a shift in approach to interacting with students.  Traditional, lecture based 
courses have a tendency to fail in capturing student interest and enthusiasm stimulation 
(Weimer et al. 2002).  Integrating active and problem-based learning approaches along 
with establishing a student-centered environment has been observed to increase exam 
performances in an introductory Biology course (Armbruster et al. 2009).  The 
implementation of Web-based formats, driving student interaction and engagement, also 
leads to overall gains in student learning (McDaniel et al. 2007).   The use of interactive 
video, web-based activities, and case study formats to introduce Food Safety materials 
led to increased familiarity and application of information (Shearer et al. 2013).  The case 
study, or case method, format is a particular effective and applicable approach to student 
in Food Safety as it requires them to apply knowledge in real-life situations.  The case 
study format also requires student to verbalize their thought process and knowledge use, 




1.9 Aims of This Work 
The dissertation work presented here is very broad, focusing on two different 
areas including understanding the response of foodborne pathogens and teaching 
molecular methods to students.  The overlying hypothesis for the studies presented here 
was two-fold: (i) genes encoding for stress responses, protein structure management and 
active transport are differentially expressed during application of oxidative and antibiotic 
stress, providing possible targets for therapeutics and (ii) university students in the 
discipline of Food Microbiology and Safety respond well to the use of interactive 
approaches to teach theory and application of molecular methods.  
The following are the aims in the testing of this hypothesis: 
1) Compare the lethality of various concentrations of chlorine dioxide on L. 
monocytogenes and measure the transcriptomic response of L. monocytogenes to a 
sublethal concentration 
2) Utilize NGS technology to (i) sequence a typical USA300 MRSA strain to 
identify unique genetic elements and predict ncRNAs and (ii) identify the global 
transcriptome variations caused by antibiotics constituting several different 
classes 
3) Compare the transcriptomic profile of a wildtype MRSA strain in response to 
osmotic stress with and without the application of a small molecule, FPSS, 
targeting the σB regulon 
4) Develop and introduce elementary molecular techniques, PCR and PFGE, in an 
undergraduate Food Microbiology curricula   
5) Implement an interactive, case study based, module to students in the discipline of 
Food Safety using theoretical epidemiological techniques and thought processes 
 
1.9.1  Response of L. monocytogenes to Chlorine Dioxide 
The development of novel sanitizers with higher efficacies in reducing pathogen 
presence in the food production environment is occurring.  With the increased application 
of such sanitizer chemicals, a need is present to understand how typical foodborne 
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pathogens respond.  Aim 1: compare the lethality of various concentrations of Chlorine 
Dioxide (ClO2) on L. monocytogenes and measure the transcriptomic response of L. 
monocytogenes to a sublethal concentration.  Hypothesis: L. monocytogenes employs 
stress response mechanisms to respond to ClO2 oxidation, including genes responsible for 
protein structure management, metabolite scavenging, and cell physiology. 
 
1.9.2 Genomic and Transcriptomic Assessment of MRSA 
The acquisition and utilization of genetic elements, point mutations and extra 
chromosomal DNA aid bacteria in response to antibiotic exposure.  However, the 
frequency and commonality of the genomic alterations and the specific cellular response 
to antibiotics is yet to be fully elucidated in emerging prevalent pathogens.  Aim 2: 
utilize NGS technology to (i) sequence a typical USA300 MRSA strain and predict 
ncRNAs and (ii) identify the global transcriptome variations caused by antibiotics 
constituting several different classes.  Hypothesis: MRSA employs particular genetic 
elements, regulatory networks and regulatory RNA molecules in response to the stress of 
antibiotic exposure, driving the genomic evolution of resistant S. aureus. 
 
1.9.3 Measurement of the Major Stressosome in MRSA 
The role of alternative sigma factors in the response of foodborne pathogens to 
typical stressors has been well documented, including σB in gram-positive bacteria.  The 
role of σB in MRSA is yet to be fully elucidated and may be a novel target for 
therapeutics.  Aim 3: compare the transcriptomic profile of a wildtype MRSA strain in 
response to osmotic stress with and without the application of a small molecule, FPSS, 
targeting the σB regulon.  Hypothesis: the stress response mechanism of MRSA for a 
typical stress (e.g. NaCl) involves σB and the application of FPSS has a high efficacy for 




1.9.4 Integration of Molecular Techniques into Food Microbiology Curricula 
Along with the development of novel techniques for investigating foodborne 
pathogens, a basic understanding of these techniques, by Food Safety professionals, is 
paramount.  As such, the advancements of technologies needs to be coupled with novel 
educational modules in preparation of future Food Safety experts.  Aim 4: develop and 
introduce elementary molecular techniques, PCR and PFGE, in an undergraduate Food 
Microbiology curricula.  Hypothesis: the introduction of a unit on molecular techniques 
to Food Science undergraduates will lead to a better understanding of techniques used by 
Food Safety professionals. Aim 5: implement an interactive, case study based, module to 
students in the discipline of Food Safety using theoretical epidemiological techniques and 
thought processes.  Hypothesis: by participating in a case study based course, Food 
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Listeria monocytogenes is a Gram-positive, opportunistic foodborne pathogen 
which has the capacity to cause severe disease in humans and animals.  Listeriosis can 
manifest as febrile gastroenteritis, sepsis, meningoencephalitis, and spontaneous abortion 
in pregnant woman. There are approximately 1,600 cases of listeriosis in the United 
States annually of which 99% are attributed to contaminated food (Scallan et al. 2011).  
L. monocytogenes has been isolated from diverse environments (as reviewed in (Oliver et 
al. 2007) and has the capacity to persist in agricultural (Fenlon et al. 1996; Nightingale et 
al. 2004), food manufacturing (Olsen et al. 2005; Thimothe et al. 2004), and retail food 
environments (Hoelzer et al. 2011).  Due to the high mortality risk of listeriosis (~16% 
(Scallan et al. 2011)) there is a definitive need for practical, safe, and effective mitigation 
strategies to control this organism from farm to fork.  It is becoming more evident that 
fresh produce products transmit pathogens to humans (Berger et al. 2010) with recent 
outbreaks involving cantaloupe (McCollum et al. 2013) and sprouts (King et al. 2012) for 
example.  Next generation sanitizers, such as chlorine dioxide (ClO2), are increasingly 
being used in the food industry, notably in produce.  ClO2 is a strong, rapid oxidizing 
agent which is used both in gas and aqueous forms in food systems to reduce microbial 
loads.  It effectively decreases microbial populations on the surfaces of foods (Han et al. 
2001; Lee et al. 2004; Mahmoud et al. 2008,Popa et al. 2007) and food processing 
equipment (Kreske et al. 2006; Ryu & Beuchat 2005; Yang et al. 2009).  For example, 
ClO2 reduced L. monocytogenes by up to 4.5 CFU/cm2 on tomatoes (Bhagat et al. 2010), 
4.3 CFU/cm2 on cantaloupe (Mahmoud et al. 2008), > 3 logs CFU/cm2 on stainless steel 
coupons (Vaid et al. 2010) and an estimated 4 log CFU/mL in a brine solution 
(Valderrama et al. 2009).  Evidence of degraded proteins from Saccharomyces cerevisiae 
(Ogata 2007) and reduced NADH (Bakhmutova-Albert et al. 2008) from ClO2 exposure 
have been proposed among the mechanisms of microbial inactivation.  Subsequent 
studies in E. coli have reported an observed drop in intracellular pH of surviving bacterial 
cells exposed to ClO2 (Smigic et al. 2012) as well as reduction in NADH levels (Auer 
2009) which results in cell death. 
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L. monocytogenes has many well-characterized stress response regulators that 
allow for rapid, adaptive responses to intrinsic factors (e.g., salt and low pH) and 
intervention methods (e.g., high pressure processing, low and high temperatures) used to 
control this pathogen in food (Bowman et al. 2008; Hu et al. 2007;Sue et al. 2004; Van 
der Veen et al. 2007; Wemekamp-Kamphuis et al. 2004).  The roles of alternative sigma 
factors in regulation of genes related to stress response and virulence have been 
documented across many bacterial species (reviewed in Kazmierczak et al.2005).  In L. 
monocytogenes, alternative sigma factors σB, σC, σH, and σL and other transcriptional 
regulators (e.g. CtsR and HrcA) play significant roles in stress response and resistance 
(Chaturongakul et al. 2011; Chaturongakul et al. 2008; Nair et al. 2000; Oliver et al. 
2009; Raimann et al. 2009; Wemekamp-Kamphuis et al. 2004).  Specifically, the general 
stress response sigma factor, σB, not only regulates genes that promote resistance to 
osmotic and acid stress but also increases the transcription of major virulence genes in L. 
monocytogenes (Hain et al. 2008; Ivy et al. 2010; Kazmierczak et al. 2003; McGann et al. 
2007; Oliver et al. 2009; Oliver et al. 2010; Ollinger et al. 2009; Raengpradub et a. 2008; 
Severino et al. 2007).  Exposure and adaptation to environmental stress results in cross-
protection upon exposure to subsequent stresses.  Evidence of cross-protection has been 
observed among stress conditions including alkali, ethanol and osmotic (Giotis et al. 
2008); ethanol, acid, oxidative and osmotic (Lou & Yousef  1997); heat and acid 
(Skandamis et al. 2008); and osmotic, oxidative and low temperature (Bergholz et al. 
2012) stresses.  Prior exposure of L. monocytogenes to stress conditions (e.g. high acid, 
high salt) prior to ingestion by the host can lead to more robust and efficient host cell 
invasion (Conte et al. 2000; Garner et al. 2006; Gray et al. 2006; Neuhaus et al. 2013).  
This study aimed to characterize transcriptional changes in L. monocytogenes 
exposed to ClO2 to better understand potential methods of inactivation and to elucidate 
stress response mechanisms that may facilitate adaptation, survival and potentially 
tolerance.  We hypothesized that L. monocytogenes employs multiple oxidative stress 
response systems as well as general stress response regulatory networks (e.g. σB) to 
overcome ClO2 oxidative stress.  To test this hypothesis, we (i) identified changes in the 
global transcriptome after exposure to ClO2 and (ii) tracked widltype L. monocytogenes 
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10403S, isogenic ΔsigB and ΔctsR mutants’ ability to survive ClO2 exposure over time.  
Data suggest that several transcriptional regulatory networks, including σB and CtsR, and 
oxidative stress response systems help L. monocytogenes survive sublethal ClO2 
exposure.  
 
2.2 Materials and Methods 
2.2.1 Bacterial Strains and Storage   
L. monocytogenes 10403S (Bishop & Hinrichs 1987) and its isogenic mutant 
strains L. monocytogenes 10403S ΔsigB (Wiedman et al. 1998) and L. monocytogenes 
10403S ΔctsR (Hu et al. 2007) were used in this study.  Stock cultures were stored at -
80°C in Brain Heart Infusion (BHI; Difco, Detroit, MI) broth and 15% glycerol.  Prior to 
each experiment, stock cultures were streaked onto BHI agar in order to obtain an 
isolated colony.  A single colony was used to inoculate 5mL of sterile BHI broth in a 
16x125mm culture tube.  Following overnight incubation (15-18hr) at 37°C, 230 rpm 
shaking, 5mL of pre-heated sterile BHI broth was inoculated with 50μL of overnight 
culture.  Following growth to early log phase (OD600 = 0.4) at 37°C, 230 rpm shaking, 
500μL of early log phase culture was used to inoculate 50 mL of pre-heated sterile BHI 
broth in a 300 mL Nephelo flask (Bellco, Vineland, NJ).  Cultures were grown to early 
log phase culture (OD600 = 0.4) at 37°C, 230 rpm; these conditions were used for all 
phenotypic and transcriptional work. 
 
2.2.2 Chlorine Dioxide Effect on Log Phase Cell Survival   
          Early log phase cultures of L. monocytogenes 10403S were grown as described 
above and exposed to three concentrations of commercially available aqueous chlorine 
dioxide (ClO2; CDG Environmental, Bethlehem, PA).  A stock solution of ClO2 (3,000 
mg/L) was diluted directly into the broth culture.  Prior to cell exposure, ClO2 
concentration of the stock solution was verified using the N,N-diethyl-p-
phenylenediamine (DPD) method, scanned on the Hach DR/2500 Spectrophotometer 
(Hach Instruments, Loveland, CO) (Trinetta et al. 2011). Phosphate buffered saline (PBS) 
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was added to the control samples equal to the volume of ClO2 added with aims to 
minimize effects of volume and headspace differences on cell activity.  Both PBS and 
ClO2 were preheated to 37°C prior to addition to the culture in order to limit effects of 
temperature shifts on transcription. Cells exposed to 100, 300 or 500 mg/L ClO2 were 
incubated at 37°C, 230rpm with a 500μL aliquot removed at times 2.5, 5, 7.5, 10, 12.5, 
15 and 20 min post-exposure to enumerate cell populations.  L. monocytogenes 10403S 
ΔsigB and ΔctsR were also exposed to 300mg/L ClO2 to assess survival.  All exposed 
samples were combined with 500 μL of Neutralizing Buffer (BD Difco, Franklin Lakes, 
NJ) (1:1 ratio) to stop ClO2 activity and stored on ice until further processing (≤ 30 min 
post-exposure).  All samples were serially diluted in PBS and spread plated onto BHI.  
Plates were incubated at 37°C; colonies were enumerated after 48h incubation.  Statistical 
analyses were performed using SAS v 9.3 (SAS Institute, Inc., Cary, NC).  A general 
linear model (GLM) and the Multivariate Repeated Measures ANOVA with Tukey 
pairwise comparison was used to test the effects of “time” and “time*concentration” or 
“time*strain” interactions.  Ratios (calculated as log CFU/ml treated – log CFU/ml 
untreated) were calculated to normalize each strain or condition to the initial cell 
population before ClO2 exposure.  The variable “time” was a repeated measure of the 
ratio of log CFU/ml cells treated with ClO2 to log CFU/ml unexposed cells after 2.5, 5, 
7.5, 10, 12.5, 15, and 20 min.  The variable “concentration” and “strain” represented 
different [ClO2] and isogenic deletion mutants. Significance was defined as p <0.05.  
Strains and conditions were tested in triplicate. 
 
2.2.3 RNA Extraction   
L. monocytogenes 10403S was grown to early log phase as previously described.  
Cells were exposed to 300 mg/L aqueous ClO2 at 37ºC, 230 rpm for 15 min.   This 
concentration of ClO2 was selected for further study as it resulted in a moderate decrease 
in cell populations over time making it a suitable condition to investigate transcriptional 
responses to oxidative stress response.  An equal volume of PBS was added to the control 
sample. Following exposure to ClO2, 50mL cultures were combined with ice cold 
neutralizing buffer (1:1 ratio) and immediately added to an ice cold stop solution of 10% 
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acid-phenol chloroform (Life Technologies, Grand Island, NY) in ethanol (10:1 ratio).  
Bacterial cells were collected by centrifugation at 15,300 x g for 20 min at 4°C.  Cells 
were re-suspended in 1mL TRI Reagent® (Life Technologies, Grand Island, NY).  Cell 
lysis was performed by bead beating (0.1 zircon beads) for 5 cycles of 30 s each at speed 
setting 4 in the FastPrep FP120 (BIO101/Savant, Santa Ana, CA).  Samples were chilled 
on ice between each cycle.  Following centrifugation at 1,700 x g for 10 min at 4°C, 0.1 
mL of 1-bromo-3-chloropropane was added to the supernatant and incubated at room 
temperature for 10 min.  RNA was precipitated in isopropanol at -20°C overnight.  
DNase treatment and further RNA purification was performed as outlined previously 
(Raengpradub et al. 2008).  RNA quantity and quality were assessed by spectroscopy on 
NanoDrop 2000c (ThermoScientific, Wilmington, DE) and the 2100 Bioanalyzer system 
(Agilent, Foster City, CA), respectively.  RNA RIN scores greater than 7.0 were 
considered acceptable for further work.   
 
2.2.4 cDNA Synthesis and Microarray Hybridization   
Synthesis of cDNA from RNA was performed as previously outlined (The 
Institute for Genomic Research Standard Operating Procedure #M007, “Microbial RNA 
Aminoallyl Labeling for Microarrays”; available at 
http://pfgrc.jcvi.org/index.php/microarray/protocols.html) with the exception of using 
SuperScriptTM III Reverse Transcriptase (Life Technologies, Grand Island, NY) for 
reverse transcription to cDNA.  Quadruplicate samples were prepared with dye swapping 
to minimize dye bias.   
The Cornell University Food Safety Laboratory (CUFSL) Listeria 6K 
oligonucleotide array (NCBI GEO GPL5029) was utilized as previously outlined (Chan 
et al. 2007; Raengpradub et al. 2008).  This 70-mer oligonucleotide DNA microarray 
includes 2,857 ORFs from L. monocytogenes EGD-e, 5 ORFs from Saccharomyces 
cerevisiae (negative control), L. monocytogenes chromosomal DNA (positive control) 
and salmon sperm DNA (printing quality control). It should be noted that the microarray 
used here was designed using the L. monocytogenes EGD-e genome sequence.  The 
sequences of the targeted ORFs on the microarray were matched with the L. 
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monocytogenes 10403S genome. Cross-hybridization indices (CHI) values of 100%, 
>95% and >90% were calculated for 2,107, 2,578, and 2,695 of the probes on the 
microarray, respectively (Chan et al. 2007).  A total of 45 probes had a CHI value <90 
and 117 of the probes designed for the EGD-e genome were missing from the 10403S 
genome (Chan et al. 2007), all of which were omitted during analysis.   
Preparation of the microarray slides, hybridization and post-hybridization washing and 
drying were performed as outlined (The Institute for Genomic Research Standard 
Operating Procedure #M008, “Hybridization of Labeled DNA and CDNA Probes”; 
available at http://pfgrc.jcvi.org/index.php/microarray/protocols.html).  The microarrays 
were scanned using the GenePix 4000B (Molecular Devices, Sunnyvale, CA) to provide 
working TIFF files.  The raw and normalized microarray data is available through the 
NCBI Gene Expression Omnibus (GEO) genomics data repository under accession 
number GSE48187. 
 
2.2.5 Microarray Statistical Analysis 
Spots were aligned and identified by probe name within the software guided grid 
and analyzed using the GenePix Pro 6.0 software (Molecular Devices, Sunnyvale, CA).  
Spots that were empty, saturated in both channels, or had poor morphology were flagged 
and removed from further analysis.  Microarray data were analyzed using the LIMMA 
(linear models for microarray data) package version 3.18.2 (Smyth 2004) through the 
BioConductor software supported by R version 2.15.1 (Gentleman et al. 2004).  
Background correction (normexp method), within-array normalization (print-tip loess 
method) and between-array normalization (scale method) were all used for data 
preprocessing (Ritchie et al. 2007; Smyth & Speed 2003).  Differential expression 
analysis was performed by first fitting a linear model to the normalized data followed by 
a smoothing correction (eBays function) (Smyth 2004).  Differentially expressed genes 
were defined as having a fold change (FC) ≥ 1.50 and an adjusted p-value <0.05.  The 
activity of defined operons was based on those previously annotated by our group 
through RNA-Seq analyses (Oliver et al. 2009).  The continuity of RNA-Seq coverage 
across neighboring genes and the presence/absence of Rho-independent terminators were 
28 
 
used for operon characterization (Oliver et al. 2009).  Differentially expressed genes were 
categorized into the published JCVI role categories and functional groups 
(http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi) as utilized previously to 
investigate regulatory networks (Oliver et al. 2010).  An overall χ2 test was performed to 
determine if role categories were over- and under-represented; odds ratio were calculated 
to identify which categories were over- and underrepresented.  The Department of 
Energy Joint Genome Institute Integrated Microbial Genomes listings (DOE JGI IMG) 
(http://img.jgi.doe.gov/cgi-bin/w/main.cgi) were consulted further for additional 
functional group annotation.    
Table 2.1 Taqman primers and probes 


































a. All sequences are written 5’  3’; 
b. All probes have a 5’ 6FAM reporter dye with a 3’ MGB dark quencher dye. 
 
2.2.6 TaqMan quantitative Reverse Transcriptase-PCR (qRT-PCR) 
TaqMan primers (IDT DNA, Coralville, IA) and probes (Applied Biosystems, 
Foster City, CA) were designed using Primer Express 3.0 (Applied Biosystems, Foster 
City, CA) for L. monocytogenes 10403S genes rpoB, lexA, clpC, dnaK, sigB, lmo0669, 
and lmo1433 (Table 2.1).  qRT-PCR was performed as outlined (74) with TaqMan One-
Step RT-PCR Master Mix Reagent and Multiscribe RT for single tube reverse 
transcription and amplification using the StepOnePlus Real-Time PCR System (Applied 
Biosystems, Foster City, CA).  Negative controls to detect genomic DNA contamination 
were performed by omitting reverse transcriptase for each replicate and primer and probe 
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set.  All reactions were performed in duplicate for each of three independent RNA 
isolations.  A standard curve based on genomic DNA copy number was generated for 
each gene.  Log-transformed (log10) values of mRNA expression values were normalized 
against the expression value of the housekeeping gene rpoB, which is routinely used for 
normalization of qRT-PCR data in L. monocytogenes (Kazmierczak et a.2006; Milohanic 
et al. 2003; Sue et al. 2004).  Statistical analyses were performed using SAS v 9.3 (SAS 
Institute, Inc., Cary, NC) with a general linear model (GLM) and Dunnett correction for 
multiple comparisons.  Significantly different transcript levels between the experimental 
and control samples were defined by a p-value <0.05.   
 
2.3 Results 
2.3.1 Effect of [ClO2] on L. monocytogenes 10403S Survival 
Early log phase cultures of L. monocytogenes 10403S were exposed to three 
concentrations of aqueous ClO2 (Table 2.2) to (i) assess survival and (ii) determine 
exposure concentrations that would elicit a transcriptional effect for subsequent 
microarray analyses.   
Ratios (calculated as log CFU/ml treated – log CFU/ml untreated) were calculated 
to normalize each strain or condition to the initial cell population before ClO2 exposure to 
assess survival.  The effects of “time”, “concentration”, and “time*concentration” had a 
significant effect on L. monocytogenes survival (p-value = 0.0003, 0.0084 and 0.0001, 
respectively).   There was a significant difference in survival between cells exposed to 
500 mg/L ClO2 and those exposed to 300 and 100 mg/L after 12.5 min (Table 2.2).  
Specifically, fewer cells survived 500 mg/L ClO2 treatment.  Cells exposed to 300 mg/L 
ClO2 for 15 min resulted in a decrease in cell population that was not statistically 
significant; this was selected as a suitable condition to investigate transcriptional effects 





Table 2.2 L. monocytogenes ClO2 stress survival over time 
[ClO2]a 
mg/L T=2.5b T=5b T=7.5b T=10b T=12.5b T=15b T=20b 
100 -0.14±0.30A -0.31±0.19A -0.34±0.19A -0.34±0.16A -0.34±0.13A -0.25±0.11A 0.20±0.18A 
300 0.02±0.26A -0.13±0.38A -0.06±0.17A -0.06±0.10A -0.17±0.05A -0.33±0.37A -0.21±0.15A 
500 -0.90±0.62A -1.45±1.51A -1.65±1.45A -1.97±1.42A -2.59±1.07B -3.65±0.55B -3.65±0.55B 
        
Strain T=2.5 T=5 T=7.5 T=10 T=12.5 T=15 T=20 
Wildtypec 0.02±0.26A -0.13±0.38A -0.06±0.17A -0.06±0.10A -0.17±0.05A -0.33±0.37A -0.21±0.15A 
ΔsigBd -0.59±0.17B -0.61±0.10A -0.59±0.18B -0.59±0.14C -0.69±0.14A -0.65±0.21B -0.67±0.21B 
ΔctsRe -0.37±0.16B -0.38±0.34A -0.42±0.26B -0.42±0.12B -0.44±0.38A -0.40±0.32AB -0.42±0.18A 
aConcentration of ClO2 added to log phase wildtype L. monocytogenes 10403S 
bRatio of log CFU/ml cells treated with ClO2 to log CFU/ml unexposed cells after 2.5, 5, 7.5, 10, 12.5, 15, 
and 20 min.  Different superscript letters denote statistically significant ratios among concentrations or 
strains at that time point 
cRatio of log CFU/ml wildtype treated with 300 mg/L ClO2 to log CFU/ml unexposed wildtype cells after 
2.5, 5, 7.5, 10, 12.5, 15, and 20 min 
dRatio of log CFU/ml ΔsigB treated with ClO2 to log CFU/ml unexposed ΔsigB after 2.5, 5, 7.5, 10, 12.5, 
15, and 20 min 
eRatio of log CFU/ml ΔctsR treated with ClO2 to log CFU/ml unexposed ΔctsR after 2.5, 5, 7.5, 10, 12.5, 
15, and 20 min. 
 
2.3.2 Microarray Analyses Identified 340 Differentially Expressed Genes upon 
Exposure to ClO2 
Whole genome microarray analyses identified 340 genes as significantly 
differentially expressed following exposure of log phase L. monocytogenes 10403S to 
ClO2.  These genes constituted 114 putative operons of which at least one gene showed 
differential expression.  Of the 340 genes differentially expressed, 223 genes were 
upregulated (≥1.5 fold change (FC); adj. p-value <0.05) upon exposure to ClO2 compared 
to unexposed wildtype cells (Table 2.3).  Inversely, 117 genes were significantly down 
regulated in cells exposed to ClO2 compared to unexposed cells (FC ≥1.50; adj. p-value 





Table 2.3 Genes upregulated upon exposure to ClO2 among over- and underrepresented 
JCVI role categories 







lmo0584  conserved hypothetical membrane protein 2.58 0.006 




lmo0220 ftsH highly similar to cell division protein ftsH 1.55 0.005 
lmo0321  similar to unknown proteins 4.86 0.003 
lmo0515  conserved hypothetical protein 8.05 0.018 
lmo0669  similar to oxidoreductase 5.78 0.049 
lmo0906  similar to glutathione Reductase 1.84 0.038 
lmo0983  similar to glutathione peroxidase 2.76 4E-04 
lmo1288  conserved hypothetical protein 1.9 0.01 
lmo1433  similar to glutathione reductase 2.53 0.021 
lmo1439 sod superoxide dismutase 2.44 2E-04 
lmo1577  similar to unknown proteins 2.07 0.012 
lmo1580  similar to unknown protein 4.76 0.002 
lmo1601  similar to general stress protein 3.37 0.003 
lmo1694  similar to CDP-abequose synthase 2.64 0.014 
lmo1708  similar to aminoglycoside N3-acetyltransferases 1.57 0.03 
lmo1879 cspD similar to cold shock protein 3.87 0.004 
lmo2016 cspB similar to major cold-shock protein 1.76 0.002 
lmo2190 mecA competence negative regulator mecA 1.87 0.002 
lmo2230  similar to arsenate reductase 8.07 1E-03 
lmo2398 ltrC low temperature requirement C protein, also similar 
to B. subtilis YutG protein 
2.39 0.005 
lmo2426  conserved hypothetical proteins 1.81 0.003 
lmo2673  conserved hypothetical protein 8.85 0.003 
Energy Metabolism 
lmo0232 clpC endopeptidase Clp ATP-binding chain C 4.84 3E-04 
lmo0261  similar to phospho-beta-glucosidase 1.98 0.03 
lmo0268  similar to phosphoglycerate mutase 6.77 1E-04 
lmo0342  similar to transketolase 2.96 0.014 
lmo0347  similar to dihydroxyacetone kinase 4.54 0.024 
lmo0521  similar to 6-phospho-beta-glucosidase 1.82 0.049 
lmo0613  similar to oxidoreductase 5.22 2E-04 
lmo0646  similar to unknown proteins 4.18 2E-04 
lmo0722  similar to pyruvate oxidase 2.96 0.007 
lmo0758  unknown 118 2E-07 
lmo0759  unknown 141 2E-07 
lmo0781  similar to mannose-specific phosphotransferase 
system (PTS) component IID 
6.35 6E-04 
lmo0811  similar to carbonic anhydrase 2.2 0.015 
lmo0907  similar to phosphoglycerate mutase 2.27 0.008 
lmo0913  similar to succinate semialdehyde dehydrogenase 8.15 0.002 
lmo0915  similar to phosphotransferase system enzyme IIC 12.5 0.009 
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lmo0917   11.5 0.042 
lmo0943 fri non-heme iron-binding ferritin 3.23 0.007 
lmo1054   1.48 0.046 
lmo1055 pdhD highly similar to dihydrolipoamide dehydrogenase, 
E3 subunit of pyruvate dehydrogenase complex 
1.98 0.006 
lmo1233 trxA thioredoxin 2.37 0.023 
lmo1254  similar to alpha,alpha-phosphotrehalase 7.47 2E-04 
lmo1255  similar to PTS system trehalose specific enzyme IIBC 6.61 2E-04 
lmo1293 glpD similar to glycerol 3 phosphate dehydrogenase 3.11 0.009 
lmo1348  similar to aminomethyltransferase 5.98 0.022 
lmo1350  similar to glycine dehydrogenase (decarboxylating) 
subunit 2 
4.84 0.034 
lmo1514  similar to unknown protein 1.74 0.007 
lmo1538  similar to glycerol kinase 11.9 5E-05 
lmo1579  similar to alanine dehydrogenase 2.34 0.006 
lmo1789  weakly similar to NAD(P)H Oxidoreductase chain B 1.62 0.041 
lmo1883  similar to chitinases 3.17 0.031 
lmo1995 dra similar to deoxyribose-phosphate aldolase 1.91 0.001 
lmo2000  similar to PTS mannose-specific enzyme IID 
component 
2.47 0.039 
lmo2057 ctaB highly similar to heme A farnesyltransferase 1.85 0.015 
lmo2122  similar to maltodextrose utilization protein MalA 4.29 0.017 
lmo2205  similar to phosphoglyceromutase 1 2.2 0.038 
lmo2363  similar to glutamate decarboxylase 1.78 0.031 
lmo2373  similar to phosphotransferase system (PTS) beta-
glucoside-specific enzyme IIB component 
1.98 0.036 
lmo2425   1.45 0.01 
lmo2437  unknown 1.6 0.027 
lmo2494  similar to negative regulator of phosphate regulon 2.37 0.012 
lmo2528 atpC highly similar to H+-transporting ATP synthase chain 
epsilon 
1.77 0.006 
lmo2573  similar to zinc-binding dehydrogenase 1.98 0.038 
lmo2650  similar to hypothetical PTS enzyme IIB component 5.69 0.002 
lmo2674  similar to ribose 5-phosphate epimerase 5.26 0.002 
lmo2724  similar to unknown proteins 2.44 0.004 
lmo2743  similar to transaldolase 2.31 0.01 
lmo2830  similar to thioredoxin 1.89 0.012 
Hypothetical Protein 
lmo0170  unknown 2.72 0.003 
lmo0229 ctsR highly similar to transcription repressor of class III 
stress genes (CtsR) 
4.82 0.042 
lmo0231  similar to arginine kinase 2.2 0.043 
lmo0439  weakly similar to a module of peptide synthetase 2.44 0.02 
lmo0496  similar to B. subtilis YnzC protein 4.93 7E-04 
lmo0596  similar to unknown proteins 4.09 0.002 
lmo0670  unknown 4.49 1E-03 
lmo0720  unknown 2.3 0.041 
lmo0761  similar to unknown proteins 36.8 4E-05 
lmo0796  conserved hypothetical protein 15.9 0.001 
lmo0869  unknown 2.9 0.035 
lmo0911  unknown 2.58 0.023 
lmo0964  similar to B. subtilis YjbH protein 2.28 0.022 
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lmo1059  unknown 1.79 0.003 
lmo1069  similar to B. subtilis YlaI protein 1.68 0.008 
lmo1137  unknown 2.65 2E-04 
lmo1332  similar to conserved hypothetical proteins 1.53 0.038 
lmo1501  similar to unknown proteins 1.55 0.023 
lmo1502  similar to unknown proteins 1.72 0.013 
lmo1503  unknown 1.52 0.019 
lmo1526  similar to unknown proteins 4.24 0.002 
lmo1535  similar to unknown proteins 1.88 0.023 
lmo1602  similar to unknown proteins 3.15 0.007 
lmo1608  similar to unknown proteins 2.54 0.001 
lmo1704  similar to conserved hypothetical proteins 3.67 0.001 
lmo1728  some similarities to cellobiose-phosphorylase 4.33 0.021 
lmo1921   1.47 0.027 
lmo2054  similar to unknown proteins 1.55 0.014 
lmo2191 spxA similar to unknown proteins 2.12 0.006 
lmo2213  similar to unknown protein 23.6 5E-05 
lmo2387  conserved hypothetical protein 2.39 0.025 
lmo2391  conserved hypothetical protein similar to B. subtilis 
YhfK protein 
10.8 2E-04 
lmo2392   1.46 0.023 
lmo2393   1.47 0.03 
lmo2570  unknown 3.18 0.003 
lmo2572  similar to Chain A, Dihydrofolate Reductase 3.6 5E-04 
lmo2585  similar to B. subtilis YrhD protein 16.1 0.003 
lmo2603  unknown 2.3 0.014 
lmo2646  unknown 6.42 1E-03 
lmo2692  unknown 1.52 0.03 
lmo2705  unknown 1.52 0.031 
Protein Fate 
lmo0764  similar to lipoate-protein ligase 4.72 0.001 
lmo1051  similar to formylmethionine deformylase and to B. 
subtilis YkrB protein 
1.55 0.024 
lmo1268 clpX ATP-dependent Clp protease ATP-binding subunit 
ClpX 
1.79 0.018 
lmo1354  similar to aminopeptidase P 1.68 0.026 
lmo1473 dnaK class I heat-shock protein (molecular chaperone) 
DnaK 
2.02 0.024 
lmo1474 grpE heat shock protein GrpE 2.22 0.008 
lmo1578  similar to X-Pro dipeptidase 2.44 0.004 
lmo1611  similar to aminopeptidase 1.97 0.004 
lmo1620   1.5 0.031 
lmo2068 groEL class I heat-shock protein (chaperonin) GroEL 2.22 7E-04 
lmo2069 groES class I heat-shock protein (chaperonin) GroES 2.51 0.002 
lmo2199 ohrA similar to unknown protein 9.67 3E-06 
lmo2206 clpB similar to endopeptidase Clp ATP-binding chain B 
(ClpB) 
3.07 0.012 
lmo2398 ltrC low temperature requirement C protein, also similar 
to B. subtilis YutG protein 
2.39 0.005 
lmo2468 clpP ATP-dependent Clp protease proteolytic subunit 2.54 0.009 




lmo0211 ctc similar to B. subtilis general stress protein 2.58 0.02 
lmo0240  highly similar to B. subtilis YazC protein 2.03 0.004 
lmo1218  similar to rRNA methylase 1.68 0.013 
lmo1703  similar to similar to RNA methyltransferases 1.52 0.039 
lmo2511  similar to conserved hypothetical proteins like to B. 
subtilis YvyD protein 
6.26 0.003 
aAll genes that showed higher transcript level in the ClO2 exposed samples over the control sample without 
treatment are listed with an adj. p-value<0.05 and a fold-change of >1.50. Only genes categorized into 
JCVI role categories with Over- and under-representation based on Odds Ratio are listed; 
bLocus tag identification is based off of the lmo number from L. monocytogenes EGD-e strain; 
cAnnotation was defined based off the JCVI role category listings. 
 
Table 2.4 Genes downregulated upon exposure to ClO2 among over- and 
underrepresented JCVI role categories 







lmo0198 gcaD highly similar to UDP-N-acetylglucosamine 
pyrophosphorylase 
1.604 0 
lmo0695   unknown 1.88 0.01 
lmo0971 dltD DltD protein for D-alanine esterification of 
lipoteichoic acid and wall teichoic acid 
1.959 0.05 
lmo0972 dltC D-alanyl carrier protein 2.081 0 
lmo0973 dltB DltB protein for D-alanine esterification of 
lipoteichoic acid and wall teichoic acid 
2.265 0 
lmo1082   similar to dTDP-sugar epimerase 1.749 0.01 
lmo1548 mreB similar to cell-shape determining protein MreB 1.977 0 
lmo2038 murE similar to UDP-N-acetylmuramoylalanyl-D-
glutamate-2,6-diaminopimelate ligase 
1.793 0.04 
lmo2549 gtcA wall teichoic acid glycosylation protein GtcA 1.774 0.02 
Cellular Processes  
lmo0217   similar to B. subtilis DivIC protein 1.955 0.01 
lmo0677   similar to flagellar biosynthesis protein FliQ 4.934 0 
lmo0679   similar to flagellar biosynthetic protein flhB 1.934 0.02 
lmo0693   similar to flagellar motor switch protein fliY C-
terminal part 
1.506 0.04 
lmo0696   similar to flagellar hook assembly protein 1.731 0.02 
lmo1071   similar to cell-division protein RodA and FtsW 1.885 0.01 
lmo1297   similar to aluminum resistance protein and to B. 
subtilis YnbB protein (hypothetical) 
1.604 0.05 
lmo1364 cspL similar to cold shock protein 1.808 0 
lmo1544 minD highly similar to cell division inhibitor (septum 
placement) protein MinD 
1.594 0.02 
lmo1699   some similarities to methyl-accepting chemotaxis 
proteins 
2.075 0 
lmo1700   unknown 1.782 0.03 
lmo2040 ftsL similar to cell-division protein FtsL 1.738 0.02 
lmo2427   similar to cell division proteins RodA, FtsW 1.73 0.05 
lmo2428   similar to cell division proteins RodA, FtsW 1.996 0.01 
lmo2506 ftsX highly similar to cell-division protein FtsX 1.81 0.03 
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lmo2507 ftsE highly similar to the cell-division ATP-binding 
protein FtsE 
1.828 0.01 




lmo1072 pycA highly similar to pyruvate carboxylase 1.521 0.04 
lmo2367 pgi glucose-6-phosphate isomerase 1.597 0.01 
          
Fatty Acid and Phospholipid Metabolism 
lmo0970   similar to enoyl- acyl-carrier protein reductase 1.634 0.02 
lmo1806 acpA highly similar to acyl carrier proteins 2.068 0.01 
lmo1807 fabG similar to 3-ketoacyl-acyl carrier protein reductase 1.828 0.01 
lmo2202   similar to 3-oxoacyl- acyl-carrier protein synthase 2.412 0 
lmo2450   similar to carboxylesterase 1.803 0.02 
Protein Synthesis  
lmo0177 metS methionyl-tRNA synthetase 1.811 0 
lmo0244   similar to ribosomal protein L33 type II 1.944 0 
lmo0695   unknown 1.88 0.01 
lmo1294 miaA similar to tRNA isopentenylpyrophosphate 
transferase 
2.196 0.01 
lmo1658 rpsB 30S ribosomal protein S2 1.55 0.03 
lmo1755 gatA glutamyl-tRNA(Gln) amidotransferase (subunit A) 1.506 0.02 
lmo2047 rpmF ribosomal protein L32 2.195 0 
lmo2597 rplM ribosomal protein L13 2.077 0 
lmo2633 rpsJ ribosomal protein S10 1.523 0.02 
lmo2811   similar to GTPase 1.727 0.02 
lmo2856 rpmH ribosomal protein L34 1.979 0.02 
Purines, pyrimidines, nucleosides, and nucleotides  
lmo1827   similar to guanylate kinases 1.771 0 
lmo1929 ndk similar to nucleoside diphosphate kinase 2.104 0 
lmo0509 prs similar to phosphoribosyl pyrophosphate synthetase 1.768 0.01 
lmo1096 guaA highly similar to GMP synthetase 2.904 0 
lmo1929 ndk similar to nucleoside diphosphate kinase 2.104 0 
lmo1463   similar to cytidine deaminase 1.75 0.01 
lmo1885   similar to xanthine phosphoribosyltransferase 2.201 0.01 
Unknown Function 
lmo1240   conserved hypothetical protein, similar to B. subtilis 
YsnB protein 
1.763 0 
lmo0998   similar to hypothetical protein 1.914 0.02 
lmo1067   similar to GTP-binding elongation factor 2.936 0 
lmo1479 lepA highly similar to GTP-binding protein LepA 1.544 0.01 
lmo1500   similar to unknown proteins 2.351 0.02 
lmo2779   similar to probable GTP-binding protein 2.916 0 
lmo2802 gidB GidB protein 1.511 0.03 
aAll genes that showed lower transcript level in the ClO2 exposed samples over the control sample without 
treatment are listed with an adj. p-value<0.05 and a fold-change of >1.50. Only genes categorized into 
JCVI role categories with Over- and under-representation based on Odds Ratio are listed; 
bLocus tag identification is based off of the lmo number from L. monocytogenes EGD-e strain; 




2.3.3 Six JCVI Role Categories Were Either Over- and Underepresented among 
Significantly Upregulated Genes   
Genes that were upregulated in cells exposed to ClO2 were categorized by their 
JCVI role categories (Figure 2.1) to identify categories that were over- and under-
represented after stress exposure (Table 2.5).  The Energy Metabolism role category was 
overrepresented (OR 2.1) which including 6 genes encoding components of 
phosphotransferase systems (PTS), lmo0613 (oxidoreductase), lmo2830 (thioredoxin), 
lmo1789 (NAD(P)H oxidoreductase chain B) and lmo2528 (proton transporting ATP 
synthase chain).  The Cellular Processes role category group was overrepresented (OR = 
1.7) and included genes lmo0669 (oxidoreductase), lmo0906, lmo1433 (glutathione 
reductases) and lmo1439 (superoxide dismutase).  The activity of genes encoding 
enzymes such as oxidoreductase or glutathione reductase would allow for increased 
resistance or adaptability to oxidative stress.  The Protein Fate role category was 
overrepresented as well (OR 2.2), 7 of which were genes encoded for heat shock proteins.   
Table 2.5 JCVI role categories over- or underrepresented for genes upregulated upon 
exposure to ClO2  








Cellular Processes 165 21 1.8 0.018 
Energy Metabolism 380 48 1.8 0.003 
Protein Fate 100 16 2.3 0.002 
Protein Synthesis 142 5 0.4 0.048 
Cell Envelope 119 2 0.2 0.010 
Hypothetical 705 41 0.7 0.021 
a JCVI role categories for L. monocytogenes EDG-e; 
b Number of genes upregulated upon ClO2 exposure within the selected role category; 
c Odd ratios were employed to characterize the representation within each category; 
d Chi-Squared Test was used to identify the significant association between the number of genes overly 
active and the number of total genes within the select role category.  A p-value of <0.05 was used to 
determine significance. 
 
A large representation of transcriptional activity of genes encoding for chaperone 
proteins suggests a demand for protein folding and degradation.    As mentioned, ctsR, 
the regulator for class III heat-shock genes, was upregulated.  In addition, hrcA, the 
regulator for class I heat-shock genes, was upregulated but not found to be statistically 
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significantly differentially expressed (FC=1.7; adj. p-value=0.05).  Protein Synthesis (OR 
0.4) and Cell Envelope (OR 0.2) role categories were underrepresented.   
 
Figure 2.1 Differentially expressed gene distribution among JCVI role categories.  
The JCVI role categories are listed on the y-axis.  The total number of genes in each role 
category is in parenthesis.  Black bars represent the number of genes upregulated 
following ClO2 exposure; hashed bars represent the numbers of genes downregulated 
following exposure to ClO2. 
 
2.3.4 Significantly Downregulated Genes Were Over- or Underrepresented in 7 JCVI 
Role Categories   
Genes that were downregulated in cells exposed to ClO2 were categorized by their 
JCVI role categories (Figure 2.1) to identify categories that were over- and under-
represented after stress exposure (Table 2.6).  The Cell Envelope role category was 
38 
 
overrepresented (OR 2.3); this group includes genes responsible for cell wall 
manufacturing, specifically teichoic acid formation and accumulation (gtcA, dltD, dltC) 
and cell shape-determination (mreB).  Similar to the upregulated genes, the Cell 
Processes category was also overrepresented among downregulated genes (OR 3.5).  The 
genes downregulated in this role category include lmo0217 (similar to divIC septum 
formation), minD (septum placement), lmo1071, lmo2427, lmo2428 (similar to cell 
division proteins RodA and FtsW), ftsL, ftsX and ftsE (cell-division proteins).  It should  
be noted that minC was not significantly differentially expressed (FC = 1.47; adj. p-value 
= 0.028) but did not fit our constraints to be considered significantly differentially 
expressed.   MinC is responsible for septum site determination.   
Table 2.6 JCVI role categories over- or underrepresented for genes downregulated upon 
exposure to ClO2 









Cell Envelope 119 9 2.3 0.015 
Cellular Processes 165 17 3.5 <0.001 
Fatty Acid and 
Phospholipid Metabolism 
60 5 2.6 0.042 
Protein Synthesis 142 11 2.4 0.005 
Purines, Pyrimidines, 
Nucleosides, Nucleotides 
72 7 3.1 0.004 
Unknown 109 7 2.2 0.030 
Energy Metabolism 380 2 0.13 0.001 
a JCVI role categories for L. monocytogenes EDG-e; 
b Number of genes downregulated upon ClO2 exposure within the selected role category; 
c Odd ratios were employed to characterize the representation within each category; 
d Chi-Squared Test was used to identify the significant association between the number of genes overly 
inactive and the number of total genes within the select role category.  A p-value of <0.05 was used to 
determine significance. 
 
The Fatty Acid and Phospholipid Metabolism category was overrepresented (OR 2.6) and 
included genes for acyl-carrier proteins (lmo0970, lmo1806, lmo1807, lmo2202, 
lmo2450) responsible for membrane lipid production (Hahne et al. 2010), which suggest 
reduce availability of membrane structural components.  This correlates well with 
decreased transcription of genes encoding for teichoic acid production.  The Purines, 
Pyrimidines, Nucleosides, and Nucleotides role category was also overrepresented (OR 
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3.1) which includes ndk, prs, guaA and lmo1827.  Although not included in this role 
category, lepA, a GTP-binding protein that inhibits tRNA through ribosomal back-
translocase activity, was also downregulated.  The Energy Metabolism role category was 
underrepresented among downregulated genes but it was overrepresented by upregulated 
genes. 
 
2.3.5 Genes in Two Major Regulatory Networks Are Differentially Expressed under 
ClO2 Stress   
A significant number of genes under the regulation of the alternative sigma factor 
σB were differentially expressed; σB is widely recognized as a major stress response 
regulator in many Gram-positive organisms (Kazmierczak et al. 2005; Mittenhuber 2002; 
Van Schaik et al. 2007).  Specifically, a total of 113 genes previously identified as σB-
dependent (Chatterjee et al.2006; Hain et al. 2008, Oliver et al. 2009; Raengpradub et al. 
2008) were upregulated in cells exposed to ClO2.  In total, 51 of the 113 upregulated 
genes were (i) directly preceded by a σB-dependent promoter or (ii) are in one of 43 
operons preceded by a σB-dependent promoter identified by Oliver et al. 2009 indicating 
direct σB regulation (Oliver et al. 2009).    lmo0895, which encodes σB, was upregulated 
in cells exposed to ClO2 (FC = 1.62; adj. p-value <0.05).  There was an increase in 
expression of σB regulators including rsbV (anti-anti-sigma factor encoded by lmo0893) 
and rsbW (anti-sigma factor encoded by lmo0894), however they were not significantly 
differentially expressed as defined by our inclusion criteria.  There was an increase in 
activity for genes regulated by the negative regulator CtsR. The entire putative operon for 
CtsR (ctsR, mcsA, mcsB, and clpC) was significantly upregulated (adj. p-value <0.05).   A 
total of 10 genes (mcsA, mcsB, clpC, ynzC, lmo0811, lmo0822, lmo2054, clpB, lmo2205, 
clpP) of 42 previously reported as being negatively controlled by CtsR were upregulated 
(Hu et al. 2007).  It is possible that CtsR was being degraded or otherwise inactive to 
enlist the stress response genes controlled by this repressor.  Although the transcript 
levels support this claim, ctsR itself was also upregulated.  As inactivation by ClO2 is 
rapid based on phenotypic assays described above and it is likely that the long-term 
reactivity of ClO2 is limited by the organic load in the growth medium, the cells may 
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already be trending toward basal expression levels.  Upregulation of 6 out of 22 genes 
identified as indirectly, positively regulated by CtsR (Hu et al. 2007) suggest this may be 
the case.    
 
2.3.6 TaqMan qRT-PCR Confirms Select Differentially Expressed Genes upon 
Exposure to ClO2 
TaqMan qRT-PCR was used to confirm differences in transcript levels of select 
differentially expressed genes identified by microarray analysis.  Genes were selected to 
include (i) general stress regulators, (ii) genes responsible for enzymes involved with 
redox reactions, and (iii) those encoding heat shock proteins.  The genes selected were 
sigB, lmo0669 (oxidoreductase), lmo1433 (glutathione reductase), clpC (endopeptidase 
Clp ATP-binding chain C), dnaK (class I heat-shock protein), and lexA (transcriptional 
repressor for SOS response).   
 
 
Figure 2.2 Confirmation of differentially expressed genes by TaqMan qRT-PCR. 
Transcript levels in lexA, clpC, lmo0669, sigB, dnaK, and lmo1433 were quantified in 
wildtype strain 10403S by TaqMan qRT-PCR. Transcript levels are expressed as log 
copy number of cDNA normalize to rpoB.  Control samples were not exposed to ClO2 
(black bars); L. monocytogenes exposed to 300mg/L ClO2 for 15 min (grey bars).  
Samples were collected and analyzed in triplicate with standard deviations represented by 
error bars.  Significant differences between control and ClO2 exposed samples were 
determined by PROC GLM with Dunnett correction; significantly different transcript 
levels are denoted by an asterisk (p-value<0.05).   
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TaqMan qRT-PCR confirmed statistically significant increases (p-value <0.05) in 
transcript levels in sigB, lmo0669, lmo1433, clpC, and dnaK in cells exposed to ClO2 
based on log copy number (Figure 2.2).  The increase transcript levels of sigB and clpC 
support microarray results in that oxidative stress by ClO2 leads to the increased 
transcriptional activity of both sigB and ctsR and subsequently the σB and CtsR regulons.  
Transcript levels of lexA were not significantly increased in cells exposed to ClO2 based 
on qRT-PCR analyses although a small increase in log copy number was observed 
(Figure 2.2).  Limited increases in lexA log copy number are consistent with fold change 
values identified by microarray analysis of lexA (FC = 1.61; adj. p-value = 0.044).   
 
2.3.7 σB and CtsR Contribute L. monocytogenes ClO2 Survival  
L. monocytogenes 10403S ΔsigB and ΔctsR strains were exposed to 300 mg/mL 
ClO2 to determine if these regulators affect the survival of L. monocytogenes.  The 
mutant strains were compared to wildtype control cells exposed to 300mg/L ClO2 over 
time on (Table 2.2). There was a significant effect of “strain” (p<0.001), but there there 
was a not a significant effect of “time” (p = 0.393) or “time*strain” (p=0.917). At 2.5, 
7.5, 10, 15, and 20 min post exposure to 300 mg/L ClO2, there were significant 
differences in survival among L. monocytogenes 10403S, ΔsigB, and ΔctsR.  Specifically, 
ΔsigB and ΔctsR strains were more sensitive to ClO2 that wildtype cells under the same 
conditions.   This suggests that these regulators play a direct role in ClO2 survival as 
shown by a significant transcriptional change in the regulons and differences in survival.     
 
2.4 Discussion 
In this study, transcriptomic and phenotypic approaches were used to investigate 
the effects of ClO2 on L. monocytogenes.  Our data indicate that (i) ClO2 exposure at 
sublethal levels resulted in differential gene expression of 340 genes including genes 
involved in heat shock response, redox reactions, cell replication, universal stress 
response and (ii) stress response regulon networks of σB and CtsR contribute to ClO2 
exposure survival. Consistent with other studies investigating L. monocytogenes 
transcriptional responses to stress (e.g., (Bergholz et al. 2012; Chan et al. 2007; Ivy et al. 
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2012; Van der Veen et al. 2007)), a significant percentage (>11%) of currently identified 
genes in strain 10403S were differentially expressed.  In Bacillus subtilis, oxidative stress 
induced similar degrees of differential gene expression with >200 genes upregulated 
upon exposure to either hydrogen peroxide or paraquat (Mostertz et al. 2004).  Among 
the significantly differentially expressed genes, 223 were upregulated and 117 were  
downregulated.  Our data support the hypothesis that L. monocytogenes employs a wide 
array of stress response systems and stress response regulators σB and CtsR play direct 
role in responding to ClO2 oxidative stress.   
 
2.4.1 Chaperone Proteins Play a Role in Oxidative Stress Management   
Oxidizing agents commonly damage the stability and functionality of proteins.  
We found 16 genes involved with protein fate activity to be upregulated upon ClO2 
exposure.  It is likely that increased transcription of peptidase- and protease-based 
chaperone protein genes (e.g., clpC, clpB, clpP) is needed for protein degradation, protein 
recycling, and otherwise repair of proteins damaged by oxidation. Increased activity of 
genes encoding chaperone proteins (e.g., dnaK, groEL, groES) indicated a need for 
maintenance or repair of protein structure damaged by oxidation.  These genes are 
involved in the heat shock response of L. monocytogenes (Van der Veen et al. 2007), 
indicating that they have cross-functional stress response utility.  Similar activity of heat 
shock proteins has been observed in E. coli to manage oxidative stress (Wang et al. 
2009).  In E. coli, the roles of chaperone repair proteins DnaK, Hsp33, GroEL, and 
GroES are cross-functional for oxidative and heat shock response activities (Winter et al. 
2008; Winter et al. 2005).  Increased transcript levels of dnaK, groES, groEL, clpP have 
been observed following exposure to H2O2 and chlorine (Wang et al. 2009).  Lmo0222, 
an orthologue to hsp33, was not differentially expressed, however this specific chaperone 
has been observed to be controlled post-translationally (Graf et al. 2004).  A partnership 
between Hsp33 and DnaK occurs where the oxidized dimers of Hsp33 bind to damaged 
proteins and, once a redox reaction occurs, transfers the protected substrate protein to 
DnaK for refolding (Winter et al. 2005).   
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2.4.2 Altered Activity of Cell Division Genes, Universal Stress Response and SOS 
Response Is Evident following ClO2 Exposure   
An abundance of genes related to cell division and cell macromolecule synthesis 
were downregulated upon exposure to ClO2 in this study.    Down regulation of genes that 
encode for cell division proteins (rodA, ftsW, ftsL, ftsX, ftsE), septum formation (divIC) 
and movement (minD) suggest that there is altered activity of the cell division machinery.  
Genes encoding for cell wall structural component assembly including teichoic acid, 
acyl-carrier proteins (lmo0970-0974) and components for DNA synthesis (genes 
encoding for steps in nucleotide production) also showed decreased transcription.  It is 
tempting to speculate that the absence of significantly differentially expressed genes 
responsible for cell division indicates stalled cell replication.  The decrease in expression 
levels for genes encoding cell wall manufacturing components bolsters the claim for 
arrested cell division.   While genes involved in cell division and replication were 
downregulated, universal stress protein (Usp) genes including lmo0515, lmo1580 and 
lmo2673, were upregulated.  It has been suggested that these three Usp genes are 
involved with DNA damage repair and the arrest of cell division (Hain et al. 2008).  Their 
transcription is σB-dependent (Hain et al. 2008) and they aid in acid and oxidative stress 
survival (Seifart-Gomes et al. 2011; Wemekamp-Kamphuis et al. 2004).  The role of Usp 
have been predominantly studied in E. coli (Kvint et al. 2003); Usp have been shown to 
play a key role in survival of E. coli to oxidative species (Nachin et al. 2005).  The SOS 
response is a well-characterized regulatory network that focuses on the management of 
DNA degradation and damage induced errors with a goal of limiting mutations (Walker 
1985).  Increased activity of several key SOS response related genes were observed here 
including lexA, uvrA, recN, recO, lmo1881, ynxZ.  The role of the SOS regulon and 
protecting the cell from the reactive species generated through oxidative stress was also 




2.4.3 Genes Involved with Redox Reactions Help Manage ClO2 Oxidative Stress   
Increased transcription was observed for thioredoxin, oxidoreductase, superoxide 
dismutase, catalase, and glutathione reductase genes in cells exposed to ClO2, which 
outlines L. monocytogenes’ approach to reduce or manage oxidative species.  Multiple 
redox-sensitive transcriptional regulators were upregulated in this study including spxA 
(lmo2191), an ortholog of oxidative stress regulator Spx.  In B. subtilis, Spx, regulates the 
thioredoxin-related genes trxA and trxB; thioredoxin aids in oxidative stress management 
in B. subtilis, working as a substrate for preferential reduction at the expense of NADPH 
(Scharf et al. 1998).  Similarly, we observed increased transcription of thioredoxin genes 
trxA and lmo2830 as well as lmo1789, which encodes an NADPH oxidoreductase.  
Further, clpX and clpP, which encode the protease complex ClpXP which regulates Spx 
levels (Nakano et al. 2003; Zuber et al. 2004), were upregulated here supporting that 
NADPH-dependent oxidoreductases play roles in managing chlorine dioxide stress.  
Lmo2199 and lmo2200, which have similar homology to the ohrAR operon in B. subtilis, 
were upregulated as well. OhrA, encoded by ohrA, is involved in organic hydroperoxide 
resistance in B. subtilis (Fuangthong et al.2001).  Although OhrR has been identified as a 
repressor of ohrA, it was observed here that both were upregulated, suggesting that the 
cell maybe regulating an overabundance of OhrA.  This same phenomenon was observed 
in L. monocytogenes under oxidative stress in the cytosol during intracellular host 
adaptation (Chatterjee et al. 2006).  Transcription of lmo0613 was significantly increased 
upon ClO2 exposure.  Its orthologue, marA,(an oxidoreductase) and its entire operon have 
been shown to increase resistance to oxidative and antibiotic stress in E. coli (Ariza et al. 
1994).  In the case of lmo0669, this oxidoreductase has been identified in previous 
studies as a general stress response protein (Hain et al. 2008; Raengpradub et al.2008; 
Sue et al. 2004).  Fri, a non-heme iron-binding ferritin encoded by lmo0943 and kat 
(lmo2785), were upregulated as well.  Fri has been associated with resistance to hydrogen 
peroxide and kat, a catalase gene with a heme group cofactor, reduces reactive oxygen 
species (Olsen et al. 2005; Rea et al. 2005). Glutathione has been shown to protect 
Lactococcus lactis against oxidative stress, specifically H2O2 (Li et al. 2003).  
Glutathione reductase reduces glutathione disulfide to glutathione. Increased transcription 
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of an abundance of oxidoreductase genes suggests the cell may be directing the reactive 
species towards oxidizing renewable energy targets (e.g. glutathione, NAD(P)H, ATP, 
etc.) as these are essential for proliferation (Li et al. 2003).   
 
2.4.4 σB and CtsR Contribute to L. monocytogenes ClO2 Survival   
Observations included significant transcriptional changes among genes in the σB 
and CtsR, and to some extent the HrcA, regulatory networks upon exposure to ClO2. A 
total of 113, 16 and 9 genes previously identified as regulated by σB (Kazmierczak et al. 
2003), CtsR (Nair et al. 2000), and HrcA (Hu et al. 2007), respectively, were upregulated 
in this study. These three regulons constitute an abundance of stress response genes with 
overlapping and, in some cases, competing responsibilities for transcriptional control 
(Chaturongakul et al. 2011).  We found that ΔsigB and ΔctsR had a significantly larger 
cell population decrease compared to the wildtype strain.  Similar rapid responses were 
observed in B. subtilis within 10 minutes of exposure to superoxide and peroxide 
stressors inducing a notable transcriptional response (Mostertz et al. 2004).  Stress 
response genes under direct and indirect control of σB have been found to be 
differentially expressed during osmotic (Abram et al. 2008; Becker et al. 1998; Sue et al. 
2004), acid ((Raengpradub et al. 2008; Sue et al. 2004; Wiedmann et al. 1998), cold 
(Chen et al. 2007) and ethanol stress (Raengpradub et al. 2008).  The CtsR (class three 
stress gene repressor) regulon negatively regulates heat shock-type proteins; these 
proteins are important for high pressure, high temperature and osmotic stress resistance 
(Joerger et al. 2006; Karatzas2003).  The HrcA (heat regulation at CIRCE) regulon 
negatively regulates a separate class of heat shock-type proteins (class I stress response 
genes).  This group includes the genes constituting the dnaK and groESL operons (Hu et 
al. 2007).  The absence of DnaK in L. monocytogenes resulted in increased sensitivity to 
high temperatures and acidic conditions and inhibition to macrophage infestation 
(Hanawa et al. 1999) while groESL was induced under heat shock conditions (Gahan et 
al. 2001).      
Previous studies have demonstrated the ability of ClO2 to inactive foodborne 
pathogens on food and food contact surfaces (Han et al. 2001; Kreske et al. 2006; Lee et 
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al. 2004; Mahmoud et al. 2008; Popa et al. 2007; Ryu & Beuchat 2005; Yang et al. 2009), 
but this is the first study, to our knowledge, to investigate the effects of ClO2 at the 
transcriptional level.  In this study, we found a substantial number of genes differentially 
expressed upon sub-lethal exposure to ClO2, including genes involved in heat shock 
response and redox reactions.  We also found that stress response regulators σB and CtsR 
directly contribute to ClO2 exposure survival. we observed a clear concentration-
dependent effect of ClO2 on survival of stationary phase L. monocytogenes cells.  While 
oxidation by ClO2 is an immediate reaction, we observed a secondary population 
decrease, which may result from secondary derivative reactive oxygen species stemming 
from ClO2 (e.g. ClO2-, Cl-, ClO3-).  We recognize that this study is limited to the 
transcriptional response of L. monocytogenes to ClO2 in a BHI broth system (as opposed 
to on produce or food contact surfaces).  However, this initial study provides significant 
insight into the mechanisms used by L. monocytogenes to respond to and survive 
oxidative stress from a sanitizer that is increasingly being used in the agriculture 





CHAPTER 3. GENOMIC AND TRANSCRIPTOMIC ASSESSMENT OF 





An estimated 9.4 million illnesses related to foodborne pathogens occur annually.  
Staphylococcus aureus is estimated to result in more than 241,000 cases annually with a 
hospitalization rate of 6.4% (Scallan et al. 2009).  S. aureus is a Gram-positive facultative 
anaerobe that causes foodborne intoxication.  In addition to toxin production, S. aureus 
has been related to clinical cases due to infection.  Infections caused by Methicillin-
resistant S. aureus (MRSA) were first identified in hospital settings but are now 
commonly acquired from community settings as well (David & Daum 2010).  
Community-acquired (CA)-MRSA infections involve patients without prior 
hospitalization (Berman et al. 1993).  MRSA presence has been observed in feedlots, 
food-producing animals, milk products and meat products from cows, pigs and chicken.  
Isolates from these screening studies showed epidemiologically relatedness to clinical 
isolates from human illness cases (Lee 2003).  Screening of 120 retail meat samples from 
30 different grocery stores in Louisiana identified 47/120 samples with S. aureus 
presence of which 6 were MRSA (Pu et al. 2009). 
MRSA strains are defined by the presence of the staphylococcal cassette 
chromosome mec (SCCmec).  The genes present within the SCCmec include the mec 
gene complex (resistance to methicillin), ccr gene complex (recombinase genes 
responsible for cassette mobility) and the J region (nonessential component region which 
can include other resistance genes) (IWG-SCC 2009; Ito et al. 2003).  Resistance to 
additional common antibiotics has also been observed in S. aureus including rifampicin 
(Aubry-Damon et al. 1998), ciprofloxacin (Tanaka et al. 2000), vancomycin (Weigel et 
al. 2003), and tetracycline (de Vries et al. 2009).  Tetracycline and vancomycin are of 
particular interest.  Tetracycline resistance has been tracked in agricultural livestock 
production sites in livestock and farm workers (Rinsky et al. 2013).  Vancomycin has 
historically been the last resort for treating MRSA infections but resistance has been 
reported (Steinkraus et al. 2007; Menezes et al. 2008).  The mechanisms for antibiotic 
resistance include active enzymatic hydrolysis, reducing the affinity of the targeted 
cellular component, or an efflux pump system for intracellular removal (Lowy et al. 
2003).  Resistance to β-lactams (i.e. penicillin, methicillin) results from enzymatic 
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hydrolysis or reducing the affinity for the β-lactam binding protein in the target cell 
(Kernodle 2000).  Glycopeptides, specifically vancomycin, are starting to become 
ineffective due to either trapping the antibiotic in the cell wall or reducing the affinity of 
the targeted cell wall dipeptide (Walsh & Howe 2002).  For antibiotics targeting 
translational processes, (e.g. tetracycline), efflux pump systems have been identified that 
effectively remove the antibiotic from the cell (Levy 1992; Paulsen et al. 1996). 
The advent of rapid and economical whole genome sequencing techniques along 
with multilocus sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE) 
have led to increased knowledge of MRSA genome diversity (Enright et al. 2002).  The 
use of whole genome sequencing (WGS) has provided initial understanding of putative 
transmission routes by looking at clonal variations of 387 CA-MRSA isolates from a 
previously defined epidemiological network (Uhlemann, et al. 2014).  WGS of outbreak 
strains of MRSA has led to source identification where standard methods failed (i.e. 
PFGE) (Harris et al. 2013).  
RNA-Seq analysis is the preferred method for global transcriptome analyses 
(Mantione, et al. 2014; Pinto et al. 2011).  RNA-Seq has been used to investigate major 
foodborne pathogens including Listeria monocytogenes (Oliver et al. 2009), Salmonella 
spp. (Shah 2014; Perkins et al. 2009), Vibrio cholerae (Mandlik et al. 2011), and S. 
aureus (Beaume et al. 2011; Beaume et al. 2010).  RNA-Seq analysis for S. aureus, 
specifically MRSA, is incomplete, however.   One study focused on the sRNA response 
to antibiotics (Howden et al. 2013) with exposure time of 15 min, a relatively short 
period of time for antibiotics that are bacteriostatic.  Transcription during various growth 
phases of MRSA was mapped using RNA-Seq but little difference was observed for 
mRNA transcripts. This study also used a MRSA strain lacking agr, the major virulence 
regulator, was used (Beaume et al. 2010).   
RNA-Seq provides quantitative differential expression analyses through direct 
sequencing and enumeration of mRNA molecules.  RNA molecules of small RNAs 
(sRNA), antisense RNA (asRNA) and noncoding RNA (ncRNA) can be quantified, as 
RNA-Seq is not limited to coding regions.  RNA-Seq can also determine directionality of 
a transcript (Croucher & Thomson 2010).  RNA molecules can act as regulatory controls 
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(Waters & Storz 2009; Georg & Hess 2011) by (i) binding to complementary mRNA 
molecules, forming a RNA duplex which is targeted for destruction prior to translation 
(Thomason & Storz 2010) (ii) create premature transcriptional termination by 
riboswitches forming hairpin terminator or antiterminators (Lai 2003), and  (iii) bind over 
short regions within the ribosomal binding site, inhibiting translation (Storz et al. 2011).  
The targeting of RNA molecules for novel therapeutic agents has been proposed over 
traditional antibiotics targeting of cell physiology (Dinan & Loftus 2013).  This would 
require further identification and functionality elucidation of RNA molecules.  
This study aimed to characterize the genomic and transcriptomic profile of S. aureus 
SF8300, a USA300 MRSA strain with a common PFGE profile. We hypothesized that (i) 
activity of genes encoding for cell division, metabolism, and protein stability are unique 
to growth phase conditions and (ii) MRSA uses stress response regulons (e.g. σB), RNA 
molecules and genes encoding for the targeted cell components in response to antibiotics.  
In order to test this hypothesis, we performed (i) WGS with partial scaffold closures, (ii) 
RNA-Seq on the global transcriptome on S. aureus SF8300CA during log and stationary 
phase, and (iii) transcriptional analysis of log phase cells exposed independently to 
tetracycline and vancomycin.  In addition, three independent statistical analysis packages 
for RNA-Seq data were compared and novel ncRNAs were predicted. 
 
3.2 Materials and Methods 
3.2.1 Bacterial Strain and Culture Conditions 
S. aureus SF8300, a clinical isolate with pulsed-field gel electrophoresis type 
USA300-0114, was investigated.  Bacteria stock cultures were stored at -80°C in Tryptic 
Soy Broth (TSB) (BD, Franklin Lakes, New Jersey) and 25% glycerol. For each 
experiment and replicate, cultures were streaked onto TSB agar to obtain an isolated 
colony for subsequent broth inoculation.  Cultures were grown in 5mL of sterile TSB at 
37°C, 200rpm agitation in a 16x125mm culture tube for overnight incubation (15-18hrs) 
for all experiments. A volume of 5mL pre-heated, sterile TSB was inoculated with 50μL 
of overnight culture (1:100 inoculum).  A total of 500mL early log phase (OD600=0.4) 
culture was transferred to 50mL of pre-heated sterile TSB broth in a 300mL Nephelo 
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flask (Bellco, Vineland NJ).  Early log phase (OD600=0.4) or stationary phase 
(OD600=1.0) + 3hrs cells grown at 37°C, 200 rpm were used for all phenotypic and 
transcriptional work. 
 
3.2.2 Genomic DNA Extraction  
Genomic DNA (gDNA) was extracted from 5mL overnight culture in TSB at 
37°C, 200rpm.  A phenol-chloroform extraction method was used (Flamm et al. 1984) 
with lysozyme (100μL 25 mg/mL) and mutanolysin (6μL 25 KU/mL) (Sigma-Aldrich, 
St. Louis, MO) used to lyse cells.  Concentration and purity was assessed by 
spectroscopy on NanoDrop 2000c (ThermoScientific, Wilmington, DE). 
 
3.2.3 Illumina Library Preparation, Whole Genome Sequencing and Analysis  
Libraries were prepared using the TruSeq DNA PCR-free sample preparation kit 
(Illumina, San Diego, CA).  The Illumina MiSeq platform (Illumina, San Diego) was 
used to sequence the SF8300 genome. The gDNA library was prepared and sequenced at 
the Purdue University Genomics Core. The target read quantity was >750,000 on a 250bp 
paired-end read run.   
Scaffolds were assembled from the raw sequence with a limitation of >200bp 
reads using ABySS-PE.  The quality of the reads was assessed suing FastQC (v 0.10.1).  
The scaffolds were assembled using bowtie2.  Remaining gaps were filled using RNA-
Seq raw read sequences by the SSPACE (v 2.0) program (Boetzer et al. 2011).  
Comparison of scaffold length and location was performed using DNA Plotter through 
the Artemis program (v 14.0.0). Prodigal (Hyatt et al. 2010) was used for gene prediction.  
Gene annotation from the predicted genes was performed using BLAST (2.2.29+) and the 
genomic sequence of S. aureus TCH1516, a most closely homologous published genome.  
In addition to gene annotation, ncRNAs were identified using nocoRNA (v 1.0) (Herbig 




3.2.4 Antibiotic Exposure  
The minimum inhibitory concentration (MIC) of tetracycline and vancomycin 
was identified using a standard 96 well plate dilution scheme.  Each antibiotic was 
diluted in either TSB or Mueller Hinton Broth (MHB) (BD, Franklin Lakes, New Jersey) 
to identify the highest concentration of antibiotic tolerance.    Antibiotic concentrations 
tested were 0.1 to 10μg/mL for vancomycin and 1 to 100 μg/mL for tetracycline. Each 
well with diluted concentrations of antibiotic was inoculated (1:100) with 2μL of O/N 
culture (15-18hrs) of MRSA SF8300 grown in 5mL BHI or MHB broth at 37°C, 200 
rpm.  All plates were wrapped with parafilm to reduce media evaporation and incubated 
for 24hrs at 37°C.  The optical density (OD600) of the microtiter plates was measured to 
define MICs.  MICs were performed in triplicate for each antibiotic and broth type. 
 
3.2.5 RNA Extraction  
MRSA SF8300 was grown to early log phase or stationary phase as previously 
described.  RNA was extracted upon reaching (i) log phase, (ii) stationary phase, (iii) log 
phase cells exposed to 0.6μg/mL tetracycline, or (iv) log phase followed by exposure to 
1.0μg/mL vancomycin.  Cultures were exposed to antibiotics for one hour at 37°C, 
200rpm prior to RNA extraction.  Cultures were immediately mixed with an ice-cold stop 
solution of 10% acid-phenol chloroform (Life technologies, Grand Island, NY) in ethanol 
at a 1:10 ratio.  Cell suspensions in stop solution were collected by centrifugation (15,300 
x g, 20min, 4°C).  Cell pellets were re-suspended in 1mL of TRI Reagent® (Life 
Technologies, Grand Island, NY).  Bead beating with 0.1mm zircon beads was applied 
for 5 cycles of 30s in the FastPrep FP120, speed setting 4 (BIO101/Savant, Santa Ana, 
CA).  Samples were centrifuged (1,700 x g, 10min, 4°C) and the supernatant was then 
added to 0.1mL of 1-bromo-3-chloropropane with room temperature incubation for 
10min.  Overnight precipitation at -20°C in isopropanol was performed to collect and 
purify RNA.  Further processing of RNA was performed as previously outlined 
(Raengpradub et al. 2008), including DNase treatment.  Assessment of sample quantity 
was measured on the Nanodrop 2000c (ThermoScientific, Wilmington, DE) and sample 
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quality on the 2100 Bioanalyzer system (Agilent, Foster City, CA).  All conditions and 
growth phase states were prepared in triplicate.   
Genomic DNA removal was evaluated using TaqMan qualitative reverse 
transcriptase PCR (qRT-PCR).  All samples and replicates were analyzed using the 
StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA) with 
amplification by TaqMan One-Step RT-PCR Master Mix reagent and Multiscribe RT.  
The housekeeping gene rpoB was targeted for amplification.  TaqMan primers (IDT 
DNA, Coralville, IA) and probe (applied Biosystems, Foster City, CA) were designed 
using MRSA TCH1516.  Samples were subject to amplification with and without reverse 
transcriptase in order to determine if any residual gDNA was present.  The primer 
sequences were as follows: Forward 5’-GCGCACATGGTTGATGATAAATT- 3’ and 
Reverse 5’ –CGCCAAGTGGTTGTTGTGTAA- 3’.  The TaqMan probe sequence is 
6FAM 5’ –TGCGCGTTCAACAGGACCATATTCAC- 3’ MGB NFQ.   
 
3.2.6 Library Preparation and Illumina RNA-Sequencing  
A quantity of 2.5μg total RNA was processed for RNA-Seq libraries using the 
Epicentre ScriptSeqTM complete kit (Bacteria) (Epicentre Biotechnologies, Madison, WI). 
Modifications to the procedure included the use of (i) ethanol precipitation for RNA 
precipiation following rRNA depletion and (ii) Agencourt® AMPure® XP bead mix 
(Beckman Coulter, Beverly, MA) following terminal tagging and library amplification 
PCR steps.  ScriptSeqTM Index PCR primers were used for barcoding each individual 
sample set (Epicentre Biotechnologies, Madison, WI).  All libraries were re-suspended in 
nuclease-free H2O and stored at -80°C until further processing. Prepared libraries were 
assessed on the 2100 Bioanalyzer system for quality, quantity and fragment size 
verification.     
Sample libraries were sequenced on the Illumina HiSeq 2500 platform (Illumina, 
San Diego, CA) at the Purdue University Genomics Core.  Each sample was sequenced 
with at least 50 million reads, paired-end, 100bp per read.   
Sequence read quality was assessed and then quality trimmed using FastQC (v 0.11.2) 
and FASTX toolkit (v 0.0.13.2), respectively.  Reads with phred33 scores of at least 30, 
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at a minimum of 50 bases after trimming, were used for read quality cutoffs.  Processed 
quality reads were mapped to the SF8300 scaffold assemblies using Tophat (v 2.0.11).  
Raw read counts for each gene were generated for all samples from the Tophat output 
and SF8300 scaffold gene annotations using HTSeq (v. 0.6.1).  Count matrices for each 
gene of each triplicate sample were merged using Perl (v. 5.20.1) for differential 
expression analysis.  
 
3.2.7 Differential Gene Expression 
Differential gene expression was quantified between (i) log growth phase and 
stationary growth phase states, (ii) tetracycline treated samples and log growth phase 
state, and (iii) vancomycin treated sample and log growth phase state samples.  Statistical 
analysis for differential gene expression was performed using the R Project (v. 3.1.1) and 
three separate packages, EdgeR (v 3.6.8), DESeq2 (v 1.4.5) and Voom function in limma 
(v 3.20.9).  The EdgeR package (Robinson et al. 2010) uses count matrices and library 
sizes.  Normalization factors were defined through the count matrices with count 
dispersion estimated.  Calculated sample count data values were compared through 
multiple hypothesis testing of log fold change for pairwise gene comparison.  DESeq2 
(Love et al. 2014) defines differentially expressed genes with an estimate variance-mean 
test through negative binomial distribution testing. The Voom function (Smyth 2005) 
transforms count values by log2 with a mean-variance estimation.  The log2 values with a 
design matrix and contrast matrices were used to define linear model coefficients to be 
fitted by eBayes.  An FDR (false discovery rate), adjusted p-value or adj. p-value with 
FDR of <0.05 was used to define differentially expressed genes from the EdgeR, Voom 
and DESeq2, respectively.  The differentially expressed genes and ncRNAs identified by 
each package, DESeq2, EdgeR and Voom, were compared and contrasted using Venny 
program to create venn diagrams (Oliveros 2007).  Genes and ncRNAs identified from 
the DESeq2 program were selected for further analysis.  The DESeq2 program was 
selected as it is the most conservative for 3 replicates and is the least effected with 
increasing quantities of differentially expressed genes (Zhou et al. 2014).   
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Differentially expressed genes were organized by functionality into designated 
role categories, published from the Department of Energy Joint Genome Institute 
Integrate Microbial Genomes (DOE JGI IMG) server (https://img.jgi.doe.gov/cgi-
bin/w/main.cgi).  An overall Χ2 test was used to identify over- and underrepresented role 
categories.  The degree of over- and underrepresentation was determined through odds 
ratio (OR) testing. 
 
3.3 Results 
3.3.1 WGS Assembly Results in Partial Closure and Reveals Novel ncRNAs  
The genomic sequencing of MRSA SF8300 resulted in partial closure into 73 
scaffolds.  The total number of reads from the MiSeq sequencing were 769,068 before 
quality trimming and 768,344 after quality trimming.  Overall, 97% of the genome was 
mapped with 63X coverage from the MiSeq reads.  Raw sequence reads from the RNA-
Seq runs, after quality trimming, closed the gaps between scaffolds, resulting in a 
reduction of 23.3%, from 73 scaffolds to 56.  RNA-Seq read and mapping characteristics 
are presented in Table 3.1 including the number of reads, overall genomic coverage, the 
percent of reads mapped and the percent of reads mapped to rRNA CDS.   
Table 3.1 RNA-Seq read characteristics 




% Reads Mapped to 
rRNA CDS 
Coverage 
Log 1 68,077,422 88.2 0.4 1962 
Log 2 64,954,842 84.4 0.7 1687 
Log 3 61,275,624 87.1 0.9 1723 
Stationary 1 92,020,612 80.4 0.9 2258 
Stationary 2 71,000,138 88.7 0.2 2028 
Stationary 3 84,937,824 86.5 0.7 2354 
Tetracycline 1 59,863,838 84.9 1.6 - 
Tetracycline 2 53,431,600 77.4 3.4 1622 
Tetracycline 3 49,492,107 85.7 1.5 1475 
Vancomycin 1 58,756,897 86.1 1.6 1735 
Vancomycin 2 49,975,558 90.4 0.8 1564 
Vancomycin 3 55,585,297 89.9 1.1 1692 
aNumber of reads following quality trimming 





Figure 3.1 Representation and comparison of scaffold number and lengths.   
The original scaffold assemblies (inner circle) and final scaffold assemblies after partial 
closure using RNA-Seq raw reads (outer circle) are shown.  Each color alteration 
indicates a new scaffold. 
 
A total of 631 ncRNAs were predicted from the 56 assembled scaffolds.  Figure 
3.1 represents the comparison of scaffold length and location between initial assembly 
and preliminary closing using RNA-Seq raw reads.  With the decreasing number of 
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scaffolds from 73 to 56, the increased length of contiguous assembled sequence is 
represented by the longer, closed portions in Figure 3.1. 
 
3.3.2 Analysis Packages for Differential Expression Identify Similar Genes and 
ncRNAs with Slight Variations 
Three separate statistical packages were employed in order to identify statistically 
significant differentially expressed genes and ncRNAs.  Figure 3.2a and 3.2b express the 
number of genes identified as up- and downregulated, respectively, during stationary 
growth phase compared with log growth phase.  Figure 3.2c and 3.2d express the number 
of ncRNAs identified as up- and downregulated, respectively, during stationary growth 
phase compared with log growth phase. Overall, 1247 genes and 258 ncRNAs were 
identified among all packages.  A total of 487 genes and 65 ncRNAs were common 
among 2 of the 3 packages while 105 genes and 30 ncRNAs were identified in 1 of the 3 
packages.  The majority of genes identified by only one package encode for hypothetical 
proteins without function annotation.  The majority of genes identified by 2 of the 3 
packages also encode for hypothetical proteins and 50S and 30S ribosomal proteins 
which are repetitive in the MRSA genome.  Genes of interest identified by the DESeq2 
and Voom packages but not the EdgeR package include: (i) rpoD, and sigB, the general 
housekeeping and major stress response sigma factors, respectively, (ii) ftsH, ftsQ, and 
ftsK, major components of cell division, (iii) dnaK, and grpE, responsible for heat shock 
response and encoding chaperon proteins, and (iv)blaR, which encodes for beta lactamase 




Figure 3.2 Multiple analysis methods for the identification of differential expression 
during growth phases.   
Statistical packages DESeq2, EdgeR and Voom were applied.  Venn diagrams for 
number of genes (a) upregulated and (b) downregulated in stationary phase compared 
with log phase.  In total, 1247 genes were identified as differentially expressed by all 
three packages and 487 genes identified by two of the three packages. Venn diagram for 
number of ncRNAs (c) upregulated and (d) downregulated in stationary phase compared 
with log phase.  In total, 258 ncRNAs were identified by all three packages and 65 
ncRNAs were identified by two of the three packages. 
 
Genes of interest identified by the EdgeR and Voom packages but not the DESeq2 
package include agrABCD, the accessory gene regulator operon, clp, a peptidase gene, 





Figure 3.3 Multiple analysis methods for the identification of differential expression 
following exposure to tetracycline.   
Statistical packages DESeq2, EdgeR and Voom were applied.  Venn diagram for number 
of genes (a) upregulated and (b) downregulated following exposure to tetracycline 
compared with non-exposed log phase cells.  In total, 1515 genes were identified as 
differentially expressed by all three packages and 140 genes identified by two of the three 
packages. Venn diagram for number of ncRNAs (c) upregulated and (d) downregulated 
following exposure to tetracycline compared with non-exposed log phase cells.  In total, 
185 ncRNAs were identified by all three packages and 40 ncRNAs were identified by 
two of the three packages. 
 
The application of tetracycline led to 1515 genes and 185 ncRNAs being 
identified as differentially expressed by all analysis packages (Figure 3.3).  Figure 3.3a 
and 3.3b express the number of genes identified as up- and downregulated, respectively, 
following exposure to tetracycline compared to non-exposed log phase cells.  Figure 3.3c 
and 3.3d express the number of ncRNAs identified as up- and downregulated, 
respectively, following exposure to tetracycline compared to non-exposed log phase cells. 
A total of 140 genes and 40 ncRNAs were common among 2 of the 3 packages while 132 
genes and 27 ncRNAs were identified by 1 of the 3 packages.  Similar to the growth 
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phase comparison, the majority of genes identified in either 1 or 2 packages only were 
genes encoding for hypothetical proteins.  Genes of interest identified by DESeq2 and 
Voom only included sigB, the major stress response sigma factor and 
USA300HOU_0797, an ATP dependent Clp encoding gene.  DESeq2 and EdgeR 
identified mecR1, a gene responsible for MecR1, the methicillin resistance regulatory 
protein.   
The three analysis packages identified 56 genes and 7 ncRNAs as differentially 
expressed during vancomycin exposure (Figures 3.4).  Figure 3.4a and 3.4b express the 
number of genes identified as up- and downregulated, respectively, following exposure to 
vancomycin compared to non-exposed log phase cells.  Figure 3.4c and 3.4d express the 
number of ncRNAs identified as up- and downregulated, respectively, following 
exposure to vancomycin compared to non-exposed log phase cells.  A total of 189 genes 
and 40 ncRNAs were common between 2 of 3 packages while 141 genes and 18 ncRNAs 
were identified in 1 of the 3 packages.  The genes identified by Voom were all identified 
by both DESeq2 and EdgeR.  The genes identified by DESeq2 and EdgeR include spx, a 
transcriptional regulator, hla, encoding for alpha hemolysin, and agrAB, two core genes 
to the accessory gene regulatory operon.  In addition, a large degree of hypothetical 





Figure 3.4 Multiple analysis methods for the identification of differential expression 
following exposure to vancomycin.   
Statistical packages DESeq2, EdgeR and Voom were applied.  Venn diagram for number 
of genes (a) upregulated and (b) downregulated following exposure to vancomycin 
compared with non-exposed log phase cells.  In total, 56 genes were identified by all 
three packages and 189 genes identified by two of the three packages. Venn diagram for 
number of ncRNAs (c) upregulated and (d) downregulated following exposure to 
vancomycin compared with non-exposed log phase cells .  In total, 7 ncRNAs were 
identified by all three packages and 40 ncRNAs were identified by two of the three 
packages. 
 
3.3.3 A Comparison of Growth Phase Reveals 1692 Genes and 322 ncRNAs as 
Differentially Expressed  
Whole genome RNA-Seq analysis followed by the DESeq2 analysis package 
identified 1692 genes and 322 ncRNAs as significantly differentially expressed between 
stationary and log growth phases (adjusted p-value <0.05).  A total of 867 genes (Table 
3.2) and 165 putative ncRNAs were upregulated in cells growing in stationary phase 
compared with those in the log phase.  A total of 825 genes were downregulated in cells 
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during the stationary phase of growth compared with those in log phase (Table 3.3) along 
with 147 putative ncRNAs (adjusted p-value <0.05). 
Table 3.2 Genes upregulated during stationary growth phase among IMG role categories 








isomerase subunit LacA 
7.1 2.32E-107 
 USA300HOU_0206 PTS family sucrose porter 
component IIBC 
7.06 8.61E-109 
 USA300HOU_2187 galactose-6-phosphate 
isomerase subunit LacB 
6.77 1.10E-104 
 USA300HOU_2184 PTS system, lactose-specific 
IIA component 
6.75 2.62E-89 
 USA300HOU_1674 glyceraldehyde 3-phosphate 
dehydrogenase 2 
6.57 6.69E-130 
 USA300HOU_2185 tagatose 1,6-diphosphate 
aldolase 
6.42 5.31E-121 
 USA300HOU_0671 glycerone kinase 6.28 1.60E-129 
 USA300HOU_2186 tagatose-6-phosphate kinase 5.77 1.69E-83 
 USA300HOU_2505 fructose-bisphosphatase 5.46 1.28E-59 
 USA300HOU_2183 PTS family lactose-N,N-
diacetylchitobiose-beta-
glucoside (lac) porter 
component IIBC 
4.7 1.63E-82 
 USA300HOU_2690 gluconolactonase 4.25 2.62E-45 
 USA300HOU_0201 indolepyruvate 
decarboxylase 
4.06 1.18E-33 
 USA300HOU_1509 alpha-D-1,4-glucosidase 4.01 1.46E-57 




 USA300HOU_0229 sugar phosphate antiporter 3.42 2.06E-28 
 USA300HOU_0281 D-ribose pyranase 3.22 4.66E-33 
 USA300HOU_2148 PTS family 
fructose/mannitol (fru) 
porter component IIA 
3.15 1.64E-16 
 USA300HOU_2133 hypothetical protein 3 3.32E-19 
 USA300HOU_2582 hypothetical protein 2.98 8.82E-18 
 USA300HOU_0280 ribokinase 2.9 1.95E-28 
 USA300HOU_0349 dehydrogenase 2.87 1.31E-19 
 USA300HOU_0282 DMT superfamily 
drug/metabolite transporter 
2.81 1.42E-21 
 USA300HOU_0331 PfkB family carbohydrate 
kinase 
2.75 8.55E-16 





 USA300HOU_1301 M42 family peptidase 2.6 2.02E-26 
 USA300HOU_0336 transcriptional regulator 2.47 1.40E-09 
 USA300HOU_1735 M42 family glutamyl 
aminopeptidase 
2.43 3.53E-27 
 USA300HOU_0165 capsular polysaccharide 
biosynthesis protein Cap5C 
2.27 3.83E-15 
 USA300HOU_2398 phosphoglycerate mutase 2.27 1.43E-16 
 USA300HOU_0351 PTS family porter 
component IIB 
2.26 1.57E-08 
 USA300HOU_2599 fructose-1,6-bisphosphate 
aldolase 
2.14 6.94E-14 










 USA300HOU_0564 3-hexulose-6-phosphate 
synthase 
1.61 2.51E-08 
 USA300HOU_2162 UTP--glucose-1-phosphate 
uridylyltransferase 
1.54 8.02E-10 
 USA300HOU_2293 inositol-phosphate 
phosphatase 
1.5 4.53E-10 
 USA300HOU_0769 glycerate kinase 1.48 4.88E-07 
 USA300HOU_0831 phosphoglycerate mutase 1.42 9.01E-09 
 USA300HOU_2303 PTS family arbutin-salicin-
cellobiose (ASC) porter 
component IIBC 
1.39 1.25E-07 
 USA300HOU_2189 lactose phosphotransferase 
system repressor 
1.36 8.64E-08 
 USA300HOU_1359 PTS family 
glucose/glucoside (glc) 
porter component IIA 
1.34 8.19E-05 




 USA300HOU_2493 gluconokinase 1.2 2.82E-07 
 USA300HOU_0889 haloacid dehalogenase 1.16 5.66E-05 
 USA300HOU_0546 UDP-glucose 4-epimerase 1.15 1.80E-05 
 USA300HOU_2293 inositol-phosphate 
phosphatase 
1.02 2.62E-03 




 USA300HOU_1849 hypothetical protein 0.93 7.20E-04 
 USA300HOU_2418 glycerate kinase 0.92 4.55E-03 
 USA300HOU_1925 hypothetical protein 0.9 1.34E-03 
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 USA300HOU_2146 PTS family 
fructose/mannitol (fru) 
porter component IIBC 
0.9 8.75E-03 
 USA300HOU_1512 6-phosphogluconate 
dehydrogenase 
0.89 2.25E-04 
 USA300HOU_0563 glucosamine-6-phosphate 
deaminase 
0.8 2.82E-03 








 USA300HOU_2445 M42 family glutamyl 
aminopeptidase 
0.68 5.24E-03 
 USA300HOU_1507 glucose-6-phosphate 1-
dehydrogenase 
0.68 2.84E-02 
 USA300HOU_0679 hypothetical protein 0.63 7.04E-03 
 USA300HOU_2430 epimerase/dehydratase 0.63 4.07E-02 
 USA300HOU_2570 hypothetical protein 0.62 4.78E-02 
 USA300HOU_0806 phosphopyruvate hydratase 0.61 3.23E-02 
 USA300HOU_2151 phosphoglucosamine 
mutase 
0.57 2.86E-02 





USA300HOU_0335 N-acetylneuraminate lyase 6.16 3.57E-62 
 USA300HOU_0274 antiholin-like protein LrgB 4.56 9.99E-59 




 USA300HOU_0163 capsular polysaccharide 
biosynthesis protein Cap5A 
3.13 2.88E-20 
 USA300HOU_2133 hypothetical protein 3 3.32E-19 
 USA300HOU_0349 dehydrogenase 2.87 1.31E-19 
 USA300HOU_0328 ABC transporter ATP-
binding protein 
2.69 5.03E-12 
 USA300HOU_1570 diacylglycerol kinase 2.54 4.09E-12 
 USA300HOU_0031 penicillin binding protein 2 
prime 
2.53 2.29E-22 
 USA300HOU_2435 glycine betaine/L-proline 
ABC transporter binding 
protein 
2.28 6.90E-12 
 USA300HOU_0165 capsular polysaccharide 
biosynthesis protein Cap5C 
2.27 3.83E-15 
 USA300HOU_1178 C51 family D-Ala-D-Gly 
carboxypeptidase 
2.26 1.82E-15 
 USA300HOU_2648 glycosyltransferase 2.11 9.31E-12 





 USA300HOU_0727 glycosyltransferase 1.98 4.33E-13 
 USA300HOU_0168 capsular polysaccharide 
biosynthesis protein Cap5F 
1.92 1.90E-09 
 USA300HOU_1396 glycosyltransferase 1.79 8.16E-15 
 USA300HOU_1086 glutamate racemase 1.65 2.94E-09 
 USA300HOU_0178 capsular polysaccharide 
biosynthesis protein Cap5P 
1.65 1.82E-07 
 USA300HOU_2198 M23B subfamily peptidase 1.58 8.80E-11 
 USA300HOU_0171 capsular polysaccharide 
biosynthesis protein Cap5I 
1.56 1.59E-06 









 USA300HOU_0546 UDP-glucose 4-epimerase 1.15 1.80E-05 
 USA300HOU_0662 penicillin-binding protein 4 1.13 1.73E-04 
 USA300HOU_0565 glucose-6-phosphate 
isomerase 
1.11 5.40E-05 
 USA300HOU_1124 cell division protein FtsQ 1.04 5.46E-05 
 USA300HOU_0175 capsular polysaccharide 
biosynthesis protein Cap5M 
1.01 5.82E-03 
 USA300HOU_0288 C59 family penicillin 
amidase 
1 1.41E-04 
 USA300HOU_0559 glycosyltransferase 0.99 5.70E-05 
 USA300HOU_1554 penicillin-binding protein 3 0.89 7.46E-04 
 USA300HOU_0789 prolipoprotein 
diacylglyceryl transferase 
0.81 4.87E-03 
 USA300HOU_0268 glycosyl/glycerophosphate 
transferase 
0.8 8.06E-03 




 USA300HOU_2101 UDP-GlcNAc 2-epimerase 0.77 1.97E-03 
 USA300HOU_0172 capsular polysaccharide 





 USA300HOU_0679 hypothetical protein 0.63 7.04E-03 
 USA300HOU_2430 epimerase/dehydratase 0.63 4.07E-02 
 USA300HOU_2570 hypothetical protein 0.62 4.78E-02 
 USA300HOU_0177 capsular polysaccharide 







 USA300HOU_1682 citrate synthase 6.88 6.16E-102 









 USA300HOU_1681 isocitrate dehydrogenase 6.2 8.86E-88 
 USA300HOU_1347 dihydrolipoamide 
succinyltransferase 
5.89 4.71E-84 
 USA300HOU_2549 1-pyrroline-5-carboxylate 
dehydrogenase 
5.03 8.35E-90 
 USA300HOU_1176 succinyl-CoA synthetase 
subunit beta 
4.12 1.88E-48 
 USA300HOU_1283 aconitate hydratase 4.06 1.01E-30 
 USA300HOU_1177 succinyl-CoA synthetase 
subunit alpha 
3.72 3.65E-59 
 USA300HOU_1083 succinate dehydrogenase, 
cytochrome b558 subunit 
3.62 1.80E-32 
 USA300HOU_2606 betaine-aldehyde 
dehydrogenase 
3.36 6.78E-29 
 USA300HOU_0344 alkanal monooxygenase 
(FMN-linked) 
3.35 2.20E-32 
 USA300HOU_2512 FMN reductase 3.34 4.37E-51 
 USA300HOU_0359 alkanal monooxygenase 3.32 1.88E-23 
 USA300HOU_0249 nitric oxide dioxygenase 3.2 9.78E-19 
 USA300HOU_1084 succinate dehydrogenase 
flavoprotein subunit 
3.2 1.97E-26 
 USA300HOU_1085 succinate dehydrogenase 
iron-sulfur subunit 
2.96 5.47E-32 
 USA300HOU_2376 nitrate reductase gamma 
subunit 
2.65 1.58E-14 
 USA300HOU_0190 formate dehydrogenase 2.5 2.49E-11 
 USA300HOU_2110 aldehyde dehydrogenase 2.44 2.07E-14 
 USA300HOU_1709 glycerophosphodiester 
phosphodiesterase 
1.96 8.83E-12 
 USA300HOU_0405 FMN reductase 1.92 2.39E-16 
 USA300HOU_1623 dehydrogenase 1.91 5.02E-09 
 USA300HOU_1845 fumarate hydratase 1.85 3.88E-11 
 USA300HOU_2286 (R)-2-hydroxyacid 
dehydrogenase 
1.7 7.25E-13 
 USA300HOU_1923 aldehyde dehydrogenase 1.68 2.00E-08 
 USA300HOU_0918 glycerophosphodiester 
phosphodiesterase 
1.67 3.66E-07 
 USA300HOU_2262 formate dehydrogenase 
accessory protein 
1.49 2.51E-08 
 USA300HOU_0890 dehydrogenase 1.28 4.35E-08 
 USA300HOU_0545 ribulokinase 1.25 3.25E-06 
 USA300HOU_0606 dehydrogenase 1.25 6.51E-05 
 USA300HOU_1501 dehydrogenase 1.24 3.37E-05 
 USA300HOU_2382 nitrite reductase (NAD(P)H) 
large subunit 
1.13 5.48E-06 
 USA300HOU_0581 phosphotransacetylase 1.09 4.00E-05 
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 USA300HOU_1004 quinol oxidase subunit I 1.04 2.53E-03 
 USA300HOU_1003 quinol oxidase subunit III 0.98 1.37E-02 
 USA300HOU_1005 quinol oxidase subunit II 0.98 2.93E-02 
 USA300HOU_0899 NADH dehydrogenase 0.89 8.87E-04 
 USA300HOU_2179 alcohol dehydrogenase 0.82 3.72E-04 
 USA300HOU_2377 nitrate reductase delta 
subunit 
0.82 2.19E-02 
 USA300HOU_2378 nitrate reductase beta 
subunit 
0.78 1.81E-02 
 USA300HOU_0902 NADH dehydrogenase 0.68 4.78E-02 
 USA300HOU_2554 D-lactate dehydrogenase 0.67 3.16E-02 
 USA300HOU_1520 dihydrolipoamide 
dehydrogenase 
0.55 2.31E-02 






USA300HOU_2671 triacylglycerol lipase 9.45 0.00E+00 
 USA300HOU_0205 N-acetylmuramic acid-6-
phosphate etherase 
8.28 5.99E-122 






 USA300HOU_0201 indolepyruvate 
decarboxylase 
4.06 1.18E-33 
 USA300HOU_0138 acetoin reductase 3.75 7.13E-26 
 USA300HOU_0358 lactoylglutathione lyase 3.48 1.33E-29 
 USA300HOU_2308 dehydrogenase 3.4 1.00E-18 
 USA300HOU_1605 LamB/YcsF family protein 3.25 8.83E-21 
 USA300HOU_2348 malate:quinone 
oxidoreductase 
3.12 4.27E-39 
 USA300HOU_1338 hypothetical protein 3.12 1.51E-21 
 USA300HOU_1868 recombination regulator 
RecX 
3.07 1.81E-23 
 USA300HOU_0346 hypothetical protein 3.04 4.45E-33 
 USA300HOU_2575 hydrolase 3.03 2.23E-17 
 USA300HOU_1571 hypothetical protein 2.86 2.41E-19 
 USA300HOU_0360 FMN reductase 2.85 2.24E-20 
 USA300HOU_2180 alcohol dehydrogenase 2.83 7.25E-27 
 USA300HOU_2470 dehydrogenase 2.69 8.81E-24 
 USA300HOU_2574 hypothetical protein 2.69 4.73E-17 
 USA300HOU_2291 formate dehydrogenase 
alpha subunit 
2.68 1.53E-16 
 USA300HOU_0883 hypothetical protein 2.52 8.89E-25 
 USA300HOU_0190 formate dehydrogenase 2.5 2.49E-11 
 USA300HOU_1775 aldo/keto reductase 2.45 3.60E-20 
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 USA300HOU_1218 phosphodiesterase 2.39 1.82E-14 
 USA300HOU_0628 hypothetical protein 2.28 1.31E-09 
 USA300HOU_2193 aldo/keto reductase 2.26 4.27E-12 
 USA300HOU_2527 hypothetical protein 2.17 3.33E-14 
 USA300HOU_2444 ABC transporter ATP-
binding protein 
2.15 1.88E-10 
 USA300HOU_1864 hypothetical protein 2.12 7.06E-16 
 USA300HOU_2603 hypothetical protein 2.12 9.47E-08 
 USA300HOU_0621 hydrolase 2.05 1.98E-07 
 USA300HOU_0960 globin 2.05 6.11E-15 
 USA300HOU_0726 dehydrogenase 2.03 3.02E-15 
 USA300HOU_2655 hypothetical protein 2.02 7.06E-16 
 USA300HOU_0607 hypothetical protein 1.97 1.68E-08 
 USA300HOU_0114 M20 family peptidase 1.96 3.06E-10 
 USA300HOU_2443 ABC transporter ATP-
binding protein 
1.91 3.39E-10 
 USA300HOU_1732 phenylalanine--tRNA ligase 
beta subunit 
1.84 1.61E-07 
 USA300HOU_0794 hypothetical protein 1.8 7.77E-07 
 USA300HOU_0749 diacylglycerol kinase 1.79 1.23E-07 
 USA300HOU_2029 amidohydrolase 1.78 3.72E-13 
 USA300HOU_1568 GTP-binding protein Era 1.77 2.47E-09 
 USA300HOU_0798 hypothetical protein 1.76 2.16E-09 
 USA300HOU_2199 HAD family phosphatase 1.76 6.05E-12 
 USA300HOU_0263 alcohol dehydrogenase 1.74 2.94E-06 
 USA300HOU_1216 competence-damage 
inducible protein CinA 
1.73 7.04E-11 
 USA300HOU_2286 (R)-2-hydroxyacid 
dehydrogenase 
1.7 7.25E-13 
 USA300HOU_2163 hypothetical protein 1.69 8.75E-08 
 USA300HOU_1693 metal-dependent hydrolase 1.64 2.56E-12 
 USA300HOU_1870 C56 family endopeptidase 
PfpI 
1.61 1.33E-05 
 USA300HOU_1397 hypothetical protein 1.58 2.32E-08 
 USA300HOU_1077 hypothetical protein 1.49 5.01E-06 
 USA300HOU_1657 ammonia monooxygenase 1.45 6.15E-06 
 USA300HOU_2511 dioxygenase 1.35 2.39E-05 
 USA300HOU_1690 hypothetical protein 1.34 1.49E-07 
 USA300HOU_0170 capsular polysaccharide 
biosynthesis protein Cap5H 
1.3 7.02E-04 
 USA300HOU_2329 hypothetical protein 1.29 5.79E-08 
 USA300HOU_0890 dehydrogenase 1.28 4.35E-08 
 USA300HOU_0296 hypothetical protein 1.25 1.13E-05 
 USA300HOU_2143 HAD family phosphatase 1.24 1.62E-07 
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 USA300HOU_1783 o-succinylbenzoic acid 
(OSB) synthetase 
1.23 2.78E-06 
 USA300HOU_0809 carboxylesterase 1.19 2.01E-05 
 USA300HOU_0554 hypothetical protein 1.16 6.58E-04 
 USA300HOU_1459 hypothetical protein 1.15 2.62E-04 
 USA300HOU_1729 hypothetical protein 1.14 2.06E-03 
 USA300HOU_1158 hypothetical protein 1.14 1.39E-06 
 USA300HOU_0778 superfamily II DNA/RNA 
helicase ComFC 
1.12 7.77E-04 
 USA300HOU_2573 dehydrogenase 1.09 4.56E-04 
 USA300HOU_0462 peptidase 1.09 5.55E-05 
 USA300HOU_2550 galactoside O-
acetyltransferase 
1.04 5.76E-05 
 USA300HOU_1207 beta-lactamase 1.04 9.66E-06 
 USA300HOU_0224 dehydrogenase 0.99 8.87E-04 
 USA300HOU_1412 GTP-binding protein EngA 0.94 1.10E-04 
 USA300HOU_1284 hypothetical protein 0.93 3.85E-04 
 USA300HOU_1737 metal-dependent hydrolase 0.93 4.64E-04 
 USA300HOU_2659 hypothetical protein 0.92 1.28E-03 
 USA300HOU_0526 hypothetical protein 0.88 6.28E-04 
 USA300HOU_2381 nitrite reductase (NAD(P)H) 
small subunit 
0.87 2.00E-02 
 USA300HOU_1131 lactoylglutathione lyase 0.86 1.45E-03 
 USA300HOU_2309 M20D subfamily peptidase 0.84 1.69E-02 
 USA300HOU_0267 zinc (Zn2+)-binding 
dehydrogenase 
0.83 2.44E-03 
 USA300HOU_2179 alcohol dehydrogenase 0.82 3.72E-04 
 USA300HOU_1298 4-oxalocrotonate 
tautomerase 
0.8 5.21E-03 
 USA300HOU_2181 hypothetical protein 0.77 2.33E-02 
 USA300HOU_1125 hypothetical protein 0.76 7.94E-03 
 USA300HOU_0617 hydrolase 0.75 1.60E-02 
 USA300HOU_1551 peptidase 0.72 8.00E-03 
 USA300HOU_1500 ADP-ribose diphosphatase 0.71 2.83E-02 
 USA300HOU_2661 acetyltransferase 0.71 1.16E-02 
 USA300HOU_2554 D-lactate dehydrogenase 0.67 3.16E-02 
 USA300HOU_1162 hypothetical protein 0.67 8.33E-03 
 USA300HOU_1088 hypothetical protein 0.61 1.77E-02 
Lipid transport and 
metabolism 
USA300HOU_0242 acyl-CoA dehydrogenase 5.62 1.39E-42 
 USA300HOU_1722 acetyl-CoA synthetase 5.39 1.98E-79 
 USA300HOU_0244 3-oxoacid CoA-transferase 4.99 9.68E-52 








 USA300HOU_1607 acetyl-CoA carboxylase 
biotin carboxyl carrier 
subunit 
4.22 1.24E-37 
 USA300HOU_2441 carboxylesterase 3.97 2.86E-37 
 USA300HOU_1606 biotin carboxylase 3.93 7.19E-30 
 USA300HOU_0138 acetoin reductase 3.75 7.13E-26 
 USA300HOU_2557 squalene desaturase 3.68 6.27E-20 
 USA300HOU_0075 lysophospholipase 3.61 5.78E-25 
 USA300HOU_2308 dehydrogenase 3.4 1.00E-18 
 USA300HOU_0749 diacylglycerol kinase 1.79 1.23E-07 




 USA300HOU_0242 acyl-CoA dehydrogenase 1.7 2.14E-13 
 USA300HOU_2525 hypothetical protein 1.68 3.72E-09 
 USA300HOU_0375 acetyl-CoA C-
acetyltransferase 
1.52 2.11E-04 
 USA300HOU_1262 cardiolipin synthetase 1.5 1.60E-04 
 USA300HOU_0583 mevalonate kinase 1.29 3.26E-04 
 USA300HOU_2267 acyl-CoA dehydrogenase 1.29 4.53E-05 
 USA300HOU_1784 o-succinylbenzoic acid--
CoA ligase 
1.17 3.74E-05 




 USA300HOU_1755 lysophospholipase 1.15 3.27E-06 
 USA300HOU_2602 acetate--CoA ligase 1.11 2.82E-05 
 USA300HOU_2573 dehydrogenase 1.09 4.56E-04 
 USA300HOU_2540 hydroxymethylglutaryl-CoA 
synthase 
0.71 4.52E-02 






 USA300HOU_1721 formate--tetrahydrofolate 
ligase 
3.85 2.66E-42 
 USA300HOU_2126 deoxyribose-phosphate 
aldolase 
3.71 5.17E-40 
 USA300HOU_1569 cytidine deaminase 2.37 1.37E-14 




 USA300HOU_0413 IMP dehydrogenase 2.16 1.37E-13 
 USA300HOU_0333 nucleoside transporter 1.51 6.23E-05 
 USA300HOU_2102 uracil 
phosphoribosyltransferase 
1.4 5.57E-06 
 USA300HOU_1087 hypothetical protein 1.21 3.21E-05 





 USA300HOU_0150 deoxyribose-phosphate 
aldolase 
0.68 4.78E-02 




USA300HOU_1699 hypothetical protein 3.29 3.69E-25 
 USA300HOU_0786 excinuclease ABC subunit 
B 
2.96 2.20E-19 
 USA300HOU_1894 DNA-directed DNA 
polymerase IV 
2.84 8.47E-29 




 USA300HOU_1163 ATP-dependent DNA 
helicase RecG 
2.57 1.04E-18 
 USA300HOU_1989 single-stranded DNA-
binding protein 
2.36 3.81E-14 
 USA300HOU_0497 transcription-repair coupling 
factor 
2.33 3.00E-08 
 USA300HOU_1183 tyrosine recombinase XerC 2.24 3.64E-14 










 USA300HOU_0787 excinuclease ABC subunit 
A 
1.97 9.02E-07 
 USA300HOU_1196 DNA polymerase III PolC 1.9 1.49E-07 
 USA300HOU_0925 ATP-dependent nuclease 
Rex subunit B 
1.84 1.38E-10 
 USA300HOU_1391 DNA replication protein 
DnaD 
1.75 1.11E-09 
 USA300HOU_0926 ATP-dependent nuclease 
Rex subunit A 
1.66 1.38E-10 
 USA300HOU_0714 deoxyribodipyrimidine 
photo-lyase 
1.62 1.06E-07 
 USA300HOU_1390 DNA-(apurinic or 
apyrimidinic site) lyase 
1.58 5.81E-12 
 USA300HOU_1078 hypothetical protein 1.54 3.45E-08 
 USA300HOU_1525 exodeoxyribonuclease VII 
large subunit 
1.52 4.90E-05 
 USA300HOU_1521 DNA repair protein RecN 1.42 2.66E-08 
 USA300HOU_1672 replicative DNA helicase 1.36 5.48E-06 
 USA300HOU_0777 superfamily II DNA/RNA 
helicase ComFA 
1.27 5.79E-04 
 USA300HOU_1689 DNA-directed DNA 
polymerase III alpha subunit 
1.13 4.20E-07 
 USA300HOU_0005 DNA topoisomerase (ATP-




 USA300HOU_1836 DNA repair exonuclease 1.11 7.11E-05 
 USA300HOU_1677 DNA polymerase I 1.09 3.02E-05 
 USA300HOU_0477 DNA-directed DNA 
polymerase III gamma and 
tau subunits 
1.06 2.97E-04 
 USA300HOU_0417 transposase 1.01 7.80E-03 
 USA300HOU_1616 hypothetical protein 1 2.61E-04 
 USA300HOU_0001 chromosomal replication 
initiation protein 
0.99 7.91E-05 
 USA300HOU_0004 recombination protein F 0.98 2.86E-04 
 USA300HOU_1281 exodeoxyribonuclease SbcC 0.95 1.53E-03 
 USA300HOU_1228 DNA mismatch repair 
protein 
0.94 3.27E-03 
 USA300HOU_1353 IS200 transposase 0.9 1.02E-04 
 USA300HOU_1564 DNA primase 0.89 7.41E-04 
 USA300HOU_1779 transposase 0.85 2.73E-02 
 USA300HOU_1676 formamidopyrimidine-DNA 
glycosylase 
0.78 1.59E-03 
 USA300HOU_1217 recombinase A 0.73 2.86E-02 
 USA300HOU_1500 ADP-ribose diphosphatase 0.71 2.83E-02 
 USA300HOU_pUS
A10HOUMR0001 
replication initiation protein 0.7 7.05E-03 
 USA300HOU_0106 hypothetical protein 0.69 2.29E-02 
 USA300HOU_1175 ribonuclease HII 0.68 1.73E-02 
 USA300HOU_1567 recombination protein RecO 0.66 7.40E-03 
 USA300HOU_pUS
A300HOUMR0030 
Sin recombinase 0.64 7.03E-03 








USA300HOU_2310 imidazolonepropionase 6.22 3.23E-143 
 USA300HOU_0243 long-chain-fatty-acid--CoA 
ligase 
4.95 5.24E-45 
 USA300HOU_1724 acetoin utilization protein 
AcuC 
4.38 4.25E-57 




 USA300HOU_0200 isochorismatase 3.78 2.10E-46 
 USA300HOU_0138 acetoin reductase 3.75 7.13E-26 
 USA300HOU_2308 dehydrogenase 3.4 1.00E-18 
 USA300HOU_0192 non-ribosomal peptide 
synthetase 
3.07 2.75E-29 





 USA300HOU_0332 hypothetical protein 2.45 1.61E-12 
 USA300HOU_2645 isochorismatase hydrolase 1.83 2.46E-08 
 USA300HOU_0959 hypothetical protein 1.78 5.62E-12 
 USA300HOU_2171 hypothetical protein 1.69 4.77E-07 
 USA300HOU_2173 hypothetical protein 1.18 4.04E-07 
 USA300HOU_1784 o-succinylbenzoic acid--
CoA ligase 
1.17 3.74E-05 
 USA300HOU_2573 dehydrogenase 1.09 4.56E-04 
 USA300HOU_0927 fumarylacetoacetase 0.94 1.06E-03 
 USA300HOU_1164 fatty acid biosynthesis 
transcriptional regulator 
0.92 2.29E-02 
 USA300HOU_2201 acetolactate decarboxylase 0.72 3.29E-02 
Signal transduction 
mechanisms 
USA300HOU_0072 universal stress protein 3.68 6.45E-20 
 USA300HOU_2631 transcriptional regulator 3.43 2.45E-23 




 USA300HOU_1679 sensor histidine kinase 3.09 6.58E-30 
 USA300HOU_1572 phosphate starvation-
inducible protein PhoH 
2.79 1.50E-19 
 USA300HOU_2374 sensor histidine kinase 2.57 3.07E-24 
 USA300HOU_2624 response regulator 2.51 5.78E-28 
 USA300HOU_2375 hypothetical protein 2.37 1.28E-19 
 USA300HOU_2623 sensor histidine kinase 2.23 4.77E-20 
 USA300HOU_1697 universal stress protein 2.07 6.99E-08 
 USA300HOU_0352 PTS family porter 
component IIA 
2.02 3.11E-10 
 USA300HOU_0068 Crp family transcriptional 
regulator 
1.91 3.66E-10 
 USA300HOU_2373 transcriptional regulator 1.9 3.57E-12 
 USA300HOU_2075 KDP operon transcriptional 
regulator 
1.8 1.45E-09 
 USA300HOU_1266 response regulator 1.78 8.97E-15 
 USA300HOU_1265 sensor histidine kinase 1.72 4.53E-13 
 USA300HOU_2074 sensor histidine kinase 
KdpD 
1.7 5.38E-09 
 USA300HOU_1350 response regulator 1.5 7.07E-09 
 USA300HOU_0032 methicillin resistance 
regulatory protein MecR1 
1.4 1.03E-07 
 USA300HOU_0018 response regulator VicR 1.27 4.20E-06 
 USA300HOU_0019 sensor histidine kinase VicK 1.24 1.01E-05 
 USA300HOU_2061 anti-sigma B factor 
antagonist 
1.17 9.48E-04 
 USA300HOU_0788 HPr kinase/phosphorylase 1.02 3.76E-04 
 USA300HOU_2060 serine-protein kinase RsbW 0.97 1.94E-03 
 USA300HOU_2624 response regulator 0.88 9.52E-03 
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 USA300HOU_1494 response regulator SrrA 0.74 1.47E-02 












USA300HOU_0973 hypothetical protein 3.51 8.44E-29 
 USA300HOU_1200 ribosomal protein L7/L12 3.09 1.24E-27 
 USA300HOU_0779 ribosome-associated 
inhibitor protein Y 
2.86 2.62E-11 
 USA300HOU_1413 30S ribosomal protein S1 2.69 2.59E-18 
 USA300HOU_1201 translation initiation factor 
IF-2 
2.34 2.36E-14 
 USA300HOU_0525 RNA methyltransferase 1.94 8.33E-13 
 USA300HOU_0523 cysteinyl-tRNA synthetase 1.7 5.07E-10 
 USA300HOU_0502 hypothetical protein 1.43 6.34E-06 
 USA300HOU_1395 tRNA CCA-
pyrophosphorylase 
1.3 1.26E-08 
 USA300HOU_0678 hypothetical protein 1.27 1.39E-06 
 USA300HOU_0523 cysteinyl-tRNA synthetase 1.11 3.23E-05 
 USA300HOU_0702 GNAT family 
acetyltransferase 
1.09 1.65E-03 
 USA300HOU_1203 pseudouridylate synthase 0.87 5.24E-03 
 USA300HOU_1495 ribosomal large subunit 
pseudouridine synthase B 
0.78 1.74E-03 
 USA300HOU_1862 hypothetical protein 0.72 1.47E-02 
 USA300HOU_0015 50S ribosomal protein L9 0.66 1.20E-02 
aGenes with increased expression during stationary phase samples compared with the log phase samples are 
listed with an adj. p-value <0.05.  IMG role categories with over- and underrepresentation based on odds 
ratios are listed. 
bLocus tag identification is based upon MRSA TCH1516 
cAnnotation was based on IMG role category gene annotation listings. 
 
Table 3.3 Genes downregulated during stationary growth phase among IMG role 
categories 




Amino acid transport 
and metabolism 
USA300HOU_1802 serine protease SplE -6.66 3.61E-122 
 USA300HOU_0010 hypothetical protein -4.4 3.23E-25 
 USA300HOU_0199 LIVCS family branched 
chain amino acid:cation 
symporter 
-4.34 3.39E-32 
 USA300HOU_1290 AGCS family alanine or 
glycine:sodium (Na+) or 








 USA300HOU_0836 3-dehydroquinate 
dehydratase 
-3.86 9.28E-20 




 USA300HOU_1342 LIVCS family branched 
chain amino acid:cation 
symporter 
-3.65 3.78E-32 








 USA300HOU_0472 glutamate synthase 
(NADPH), large subunit 
-3.09 3.49E-12 
 USA300HOU_1304 anthranilate 
phosphoribosyltransferase 
-3.06 1.99E-15 
 USA300HOU_0198 ornithine 
aminotransferase 
-2.98 2.92E-14 
 USA300HOU_0119 transcription regulator 
GntR 
-2.96 1.27E-21 

























 USA300HOU_0473 glutamate synthase 
subunit beta 
-2.56 1.52E-11 
 USA300HOU_2555 aminotransferase -2.56 4.94E-12 
 USA300HOU_1303 anthranilate synthase 
component II 
-2.52 2.99E-08 









 USA300HOU_0971 AGCS family alanine or 
glycine:sodium (Na+) or 
proton (H+) symporter 
-2.18 9.59E-11 


















 USA300HOU_0325 LIVCS family branched 
chain amino acid:cation 
symporter 
-2.03 5.16E-16 
 USA300HOU_0736 anthranilate synthase -1.91 6.10E-08 








 USA300HOU_1703 cysteine desulfurase -1.8 7.66E-12 




 USA300HOU_1302 anthranilate synthase 
component I 
-1.79 2.40E-08 
 USA300HOU_0480 lysine decarboxylase -1.71 7.11E-09 




 USA300HOU_1416 asparaginase -1.67 9.74E-09 
 USA300HOU_0195 acetylglutamate kinase -1.66 1.28E-05 
 USA300HOU_2454 ABC transporter ATP-
binding protein 
-1.6 1.63E-07 













 USA300HOU_1504 pyrroline-5-carboxylate 
reductase 
-1.41 1.62E-04 




 USA300HOU_0510 GntR family 
transcriptional regulator 
-1.34 2.12E-06 
 USA300HOU_0216 T3 family gamma-
glutamyltransferase 
-1.32 1.55E-07 
 USA300HOU_2053 3-isopropylmalate 
dehydrogenase 
-1.32 1.07E-03 
 USA300HOU_2054 isopropylmalate 
isomerase large subunit 
-1.26 2.08E-03 
 USA300HOU_0547 branched-chain amino 
acid aminotransferase 
-1.23 3.44E-04 
 USA300HOU_2679 histidinol dehydrogenase -1.21 1.70E-03 
 USA300HOU_1274 threonine synthase -1.2 2.29E-04 








 USA300HOU_0741 hypothetical protein -1.14 8.02E-05 
 USA300HOU_2056 threonine dehydratase -1.14 2.67E-03 
 USA300HOU_2394 ABC transporter ATP-
binding protein 
-1.13 4.40E-03 
 USA300HOU_1940 hypothetical protein -1.12 4.28E-07 
 USA300HOU_0012 homoserine O-
acetyltransferase 
-1.11 3.96E-03 
 USA300HOU_2393 ABC transporter ATP-
binding protein 
-1.1 4.42E-04 












 USA300HOU_0919 argininosuccinate lyase -1.07 4.02E-04 
 USA300HOU_1504 pyrroline-5-carboxylate 
reductase 
-1.05 1.91E-04 

















 USA300HOU_2678 histidinol-phosphate 
transaminase 
-1 1.23E-02 




 USA300HOU_0738 aminodeoxychorismate 
lyase 
-0.96 1.59E-03 
 USA300HOU_0507 cysteine synthase -0.9 1.78E-02 




 USA300HOU_1307 tryptophan synthase 
subunit beta 
-0.89 1.77E-02 
 USA300HOU_1403 3-dehydroquinate 
synthase 
-0.88 2.41E-03 





 USA300HOU_1402 3-phosphoshikimate 1-
carboxyvinyltransferase 
-0.82 3.07E-03 
 USA300HOU_0958 M03 family 
oligopeptidase F 
-0.79 2.50E-02 
 USA300HOU_1308 tryptophan synthase 
subunit alpha 
-0.79 5.62E-03 








 USA300HOU_0740 hypothetical protein -0.74 1.21E-02 
 USA300HOU_0737 anthranilate synthase -0.71 4.17E-03 




Inorganic  ion 
transport and 
metabolism 








 USA300HOU_0187 ABC transporter ATP-
binding protein 
-3.39 3.97E-15 
 USA300HOU_0186 ABC transporter ATP-
binding protein 
-3.37 1.03E-14 













 USA300HOU_0979 hypothetical protein -2.82 2.54E-17 




 USA300HOU_2040 ammonium transporter -2.69 6.15E-10 








 USA300HOU_1019 ABC transporter ATP-
binding protein 
-2.53 9.46E-17 
 USA300HOU_2135 CDF family cation 
diffusion facilitator 
-2.48 2.46E-15 
































 USA300HOU_2070 potassium-transporting 
ATPase subunit C 
-2.01 3.86E-14 


























 USA300HOU_0981 Trk family K+ transporter 
membrane protein 
-1.67 1.74E-07 
 USA300HOU_2213 cobalt transporter ATP-
binding subunit 
-1.65 3.54E-10 
 USA300HOU_2454 ABC transporter ATP-
binding protein 
-1.6 1.63E-07 




















 USA300HOU_0152 ABC transporter ATP-
binding protein 
-1.36 9.91E-06 




 USA300HOU_2212 cobalt transporter ATP-
binding subunit 
-1.35 8.20E-08 
 USA300HOU_1343 hypothetical protein -1.3 2.34E-05 
 USA300HOU_2211 cobalt ABC transporter -1.28 2.94E-06 
 USA300HOU_pUS
A300HOUMR0007 
cadmium binding protein -1.28 2.96E-07 
 USA300HOU_1748 sulfurtransferase -1.28 2.13E-04 
 USA300HOU_2017 ferrichrome ABC 
transporter 
-1.26 3.46E-03 
 USA300HOU_0912 monovalent cation/H+ 
antiporter subunit A 
-1.24 1.05E-06 
 USA300HOU_1763 ArsB arsenite-antimonite 
efflux family transporter 
membrane protein 
-1.2 3.51E-04 










 USA300HOU_2626 alkaline phosphatase -1.13 4.23E-03 








 USA300HOU_0365 iron (Fe2+)-dependent 
Dyp family peroxidase 
-1.04 5.02E-03 
 USA300HOU_1030 Trk family K+ transporter 
NAD+ binding protein 
-1.04 3.55E-03 





 USA300HOU_2071 potassium-transporting 
ATPase subunit B 
-1.02 3.40E-04 
 USA300HOU_1891 ferritin -0.99 5.22E-03 
 USA300HOU_0364 lipoprotein -0.97 3.35E-02 
 USA300HOU_0366 OFeT family oxidase-
dependent iron (Fe2+) 
transporter 
-0.93 3.12E-03 
 USA300HOU_2685 cobalt ABC transporter -0.9 2.87E-02 
 USA300HOU_2018 Trk family K+ transporter 
ABC protein 
-0.88 7.94E-03 





 USA300HOU_0684 hypothetical protein -0.87 1.88E-02 
 USA300HOU_2072 potassium-transporting 
ATPase subunit A 
-0.78 3.31E-02 




 USA300HOU_2328 MIT family metal ion 
transporter CorA 
-0.75 5.15E-03 










USA300HOU_1717 tyrosyl-tRNA synthetase -3.74 1.01E-26 
 USA300HOU_0534 50S ribosomal protein 
L7/L12 
-3.64 5.66E-22 
 USA300HOU_1655 valyl-tRNA synthetase -2.95 1.05E-10 
 USA300HOU_0363 N-acetyltransferase -2.8 1.23E-14 
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 USA300HOU_1587 30S ribosomal protein 
S20 
-2.77 6.17E-12 
 USA300HOU_0495 50S ribosomal protein 
L25/general stress protein 
Ctc 
-2.47 2.37E-10 
 USA300HOU_1182 tRNA (uracil-5-)-
methyltransferase Gid 
-2.3 4.78E-21 
 USA300HOU_0954 tryptophanyl-tRNA 
synthetase 
-2.3 5.46E-13 
 USA300HOU_2076 ATP-dependent RNA 
helicase 
-2.23 2.55E-09 
 USA300HOU_1553 50S ribosomal protein 
L33 
-2.21 2.54E-08 
 USA300HOU_1638 queuine tRNA-
ribosyltransferase 
-2.2 3.09E-09 
 USA300HOU_0502 hypothetical protein -2.11 2.28E-14 
 USA300HOU_2108 50S ribosomal protein 
L31 type B 
-2.02 3.76E-08 
 USA300HOU_0389 30S ribosomal protein 
S18 
-1.99 8.91E-06 
 USA300HOU_0057 diamine N-
acetyltransferase 
-1.92 1.73E-10 
 USA300HOU_2210 tRNA pseudouridine 
synthase A 
-1.85 6.76E-15 
 USA300HOU_1188 30S ribosomal protein S2 -1.74 9.00E-06 
 USA300HOU_2105 HemK family 
methyltransferase 
-1.71 3.93E-06 
 USA300HOU_1034 peptide deformylase -1.71 2.03E-07 
 USA300HOU_0978 peptide chain release 
factor 3 
-1.69 1.51E-12 
 USA300HOU_1416 asparaginase -1.67 9.74E-09 
 USA300HOU_0496 peptidyl-tRNA hydrolase -1.63 4.04E-10 
 USA300HOU_1577 hypothetical protein -1.55 1.71E-09 
 USA300HOU_2224 30S ribosomal protein S5 -1.47 3.89E-05 
 USA300HOU_2226 50S ribosomal protein L6 -1.47 1.23E-04 
 USA300HOU_1130 isoleucyl-tRNA 
synthetase 
-1.43 7.93E-05 
 USA300HOU_2225 50S ribosomal protein 
L18 
-1.36 6.11E-04 
 USA300HOU_1862 hypothetical protein -1.33 1.58E-04 
 USA300HOU_2229 50S ribosomal protein L5 -1.33 1.70E-04 
 USA300HOU_1669 threonyl-tRNA synthetase -1.3 1.24E-04 
 USA300HOU_1195 prolyl-tRNA synthetase -1.29 6.87E-07 
 USA300HOU_1560 ATP-dependent RNA 
helicase 
-1.27 1.23E-06 
 USA300HOU_1749 leucyl-tRNA synthetase -1.2 1.72E-05 
 USA300HOU_2223 50S ribosomal protein 
L30 
-1.19 1.38E-03 
 USA300HOU_0096 hypothetical protein -1.17 8.81E-06 
 USA300HOU_1073 phenylalanyl-tRNA 
synthetase subunit alpha 
-1.17 1.53E-04 





 USA300HOU_0538 putative ribosomal protein 
L7Ae-like 
-1.15 3.10E-03 
 USA300HOU_0552 deaminase -1.11 7.43E-06 




 USA300HOU_1074 phenylalanyl-tRNA 
synthetase subunit beta 
-1.1 4.70E-05 




 USA300HOU_0978 peptide chain release 
factor 3 
-1.02 3.60E-03 
 USA300HOU_2106 peptide chain release 
factor 1 
-1.01 1.16E-03 
 USA300HOU_1628 aspartyl-tRNA synthetase -1 9.67E-04 
 USA300HOU_2231 50S ribosomal protein 
L14 
-1 4.01E-03 




 USA300HOU_2222 50S ribosomal protein 
L15 
-0.98 2.73E-02 
 USA300HOU_1844 pseudouridylate synthase -0.96 1.19E-04 
 USA300HOU_1631 D-tyrosyl-tRNA(Tyr) 
deacylase 
-0.94 2.57E-03 




 USA300HOU_0782 peptide chain release 
factor 2 
-0.93 9.53E-04 
 USA300HOU_2214 50S ribosomal protein 
L17 
-0.91 1.06E-02 
 USA300HOU_2227 30S ribosomal protein S8 -0.91 1.84E-02 
 USA300HOU_1629 histidyl-tRNA synthetase -0.9 4.25E-04 
 USA300HOU_0539 30S ribosomal protein 
S12 
-0.89 1.52E-02 
 USA300HOU_2230 50S ribosomal protein 
L24 
-0.88 2.55E-02 
 USA300HOU_2228 30S ribosomal protein 
S14 
-0.88 1.94E-02 
 USA300HOU_1744 pseudouridylate synthase -0.87 1.10E-02 
 USA300HOU_2232 30S ribosomal protein 
S17 
-0.85 2.31E-02 
 USA300HOU_0613 arginyl-tRNA synthetase -0.85 1.59E-03 
 USA300HOU_0936 hypothetical protein -0.82 7.00E-03 
 USA300HOU_0540 30S ribosomal protein S7 -0.81 9.75E-03 






 USA300HOU_0936 hypothetical protein -0.77 4.34E-03 





 USA300HOU_1530 elongation factor P -0.76 1.67E-03 
 USA300HOU_0541 elongation factor Tu -0.71 1.24E-02 




 USA300HOU_1392 asparaginyl-tRNA 
synthetase 
-0.68 1.08E-02 
 USA300HOU_1392 asparaginyl-tRNA 
synthetase 
-0.61 1.09E-02 
 USA300HOU_1618 alanyl-tRNA synthetase -0.56 3.82E-02 
aGenes with decreased expression during stationary phase samples compared with the log phase samples 
are listed with an adj. p-value <0.05.  IMG role categories with over- and underrepresentation based on 
odds ratios are listed. 
bLocus tag identification is based upon MRSA TCH1516 
cAnnotation was based on IMG role category gene annotation listings. 
 
 
3.3.4 Ten IMG Functional Role Categories Were either Over- or Underrepresented 
during Stationary Phase  
The categorization of significantly differentially expressed genes revealed 8 
categories overrepresented and 2 categories underrepresented for genes upregulated 
during stationary phase compared with log phase (Table 3.4).  The signal transduction 
mechanisms category was overrepresented (OR=2.41), including transcriptional 
regulators (USA300HOU_2631, 1680, 2373, 2075, 0068), functional antibiotic resistance 
regualtors mecR1 and bla were upregulated, generic regulators (USA300HOU_2624, 
1266, 1350, 0680; vicR and srrA) and the regulators for the sigB (rsbWV) were 
upregulated.  The replication, recombination and repair category was overrepresented 
(OR=1.56) including genes encoding for a large number of nucleases (rexAB) 
excinucleases (uvrABC), and exonuclease (USA300HOU_1836).  Recombinase genes 
(recAFGO) and DNA replication and recycling genes were also present. 
The cell wall, membrane, and envelope biogenesis category was overrepresented 
(OR=1.98).  Of particular interest to this group, genes responsible for penicillin binding 
proteins and amidases (USA300HOU_0662, 1554, 0288) and capsular polysaccharide 
biosynthesis (cap5ACFIJMOP) the latter of which has been related to virulence.  The 
secondary metabolites biosynthesis, transport and catabolism was overrepresented 




Table 3.4 IMG role categories over- or underrepresented for genes upregulated during 
stationary phase 













31 20 4.37 <0.0001 
Lipid transport and 
metabolism 
62 27 3.08 0.0162 
Signal transduction 
mechanisms 
58 29 2.41 0.0006 
Carbohydrate transport 
and metabolism 




98 44 1.98 0.0008 
General function 
prediction only 
244 92 1.95 0.0044 
Energy production and 
conversion 




117 46 1.56 0.0206 
Nucleotide transport 
and metabolism 
66 12 0.52 0.0376 
Translation, ribosomal 
structure and biogenesis 
122 16 0.34 <0.0001 
aIMG role categories for MRSA TCH1516 
bNumber of genes upregulated during stationary phase within the selected role category 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially expressed genes and 
the total within each category. A p-value <0.05 was the cut-off for significance. 
 
Genes upregulated in this group include those encoding for dehydrogenases 
(USA300HOU_2308, 2573), fatty acid biosynthesis (USA300HOU_1164) and long chain 
fatty acid ligase (USA300HOU_0243). The lipid transport and metabolism category was 
overrepresented (OR=3.08).  Similar to the secondary metabolite category, genes 
encoding for dehydrogenases (USA300HOU_0242, 2308, 0242, 2267, 2573) and ligases 
(USA300HOU_1784, 2602, 0243) were upregulated.  Additionally, genes encoding for 
lipases (USA300HOU_0075, 1755, 1233) and transferases (USA300HOU_1165, 0375, 
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0262, 0244) were present.  The energy production and conversion category was 
overrepresented (OR=1.86).  The carbohydrate transport and metabolism category was 
overrepresented (OR=2.20).  The general function category was overrepresented 
(OR=1.95).  The nucleotide transport and metabolism (OR=0.52) and translation, 
ribosomal structure and biogenesis (OR=0.34) categories were underrepresented.  
The categorization of downregulated genes revealed 3 categories overrepresented 
during stationary phase compared with log phase (Table 3.5).  The translation, ribosomal 
structure and biogenesis category was overrepresented (OR=3.76).  This is predominantly 
30S ribosomal and 50S ribosomal protein encoding genes with multiple loci.  The 
inorganic ion transport and metabolism (OR=2.18) and the amino acid transport and 
metabolism (OR=1.72) were overrepresented and were mostly represented by ABC 
transporter protein encoding genes for heavy metals (iron, nickel, cobalt) and nonspecific 
amino acids. 
Table 3.5 IMG role categories over- or underrepresented for genes downregulated during 
stationary phase 










structure and biogenesis 
122 73 3.76 <0.0001 
Inorganic ion transport 
and metabolism 
145 68 2.18 <0.0001 
Amino Acid Transport 
and Metabolism 
212 87 1.72 0.0002 
aIMG role categories for MRSA TCH1516 
bNumber of genes downregulated during stationary phase within the selected role category 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially expressed genes and 
the total within each category. A p-value <0.05 was the cut-off for significance. 
 
 
3.3.5 Exposure to Tetracycline Results in the Differential Expression of 1641 Genes 
and 241 ncRNAs 
The MIC for strain SF8300 in both TSB and MHB was determined to be 
6.0μg/mL for tetracycline.   After determining MICs, antibiotic exposure and inactivation 
kinetics for a 50mL early log phase culture determined that 1hr at concentrations of 
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0.6μg/mL for tetracycline attained sublethal inactivation on cell populations (<2 log 
CFU/mL decrease).  The effect of 0.6μg/mL tetracycline on log phase cells was assessed 
through global transcriptome analysis following exposure.  The whole genome RNA-Seq 
analysis and the DESeq2 analysis package identified 1641 genes and 241 ncRNAs as 
significiantly differentially expressed following exposure to tetracycline (adjusted p-
value <0.05). Out of the 1641 genes and 241 ncRNAs, a total of 821 genes (Table 3.6) 
and 124 ncRNAs were upregulated in response to the application of tetracycline. A total 
of 820 genes (Table 3.7) and 117 ncRNAs were downregulated in response to 
tetracycline compared with wildtype, non-exposed log phase cells. 
 
Table 3.6 Genes upregulated following exposure to tetracycline among IMG role 
categories 








USA300HOU_0831 phosphoglycerate mutase 3.39 3.77E-33 
 USA300HOU_2523 transcriptional regulator 3.23 2.93E-12 
 USA300HOU_1765 mannosyl-glycoprotein endo-beta-N-
glucosaminidase 
2.9 7.00E-27 
 USA300HOU_0567 major facilitator superfamily 
proline/betaine:cation symporter 
2.75 1.65E-12 
 USA300HOU_0007 hypothetical protein 2.24 5.52E-09 
 USA300HOU_0338 N-acetylmannosamine-6-phosphate 
2-epimerase 
2.12 7.04E-12 
 USA300HOU_2362 PTS family sucrose porter 
component IIBC 
1.71 1.34E-07 
 USA300HOU_0696 major facilitator superfamily 
sugar:cation symporter 
1.62 1.60E-05 
 USA300HOU_2642 mannose-6-phosphate isomerase 1.59 1.10E-07 
 USA300HOU_2247 major facilitator transporter 1.52 1.89E-04 
 USA300HOU_0331 PfkB family carbohydrate kinase 1.49 1.38E-04 
 USA300HOU_2445 M42 family glutamyl aminopeptidase 1.43 5.26E-08 
 USA300HOU_0658 teichoic acid ABC transporter ATP-
binding/membrane protein 
1.34 1.09E-05 
 USA300HOU_2303 PTS family arbutin-salicin-cellobiose 
(ASC) porter component IIBC 
1.34 9.52E-06 
 USA300HOU_1685 6-phosphofructokinase 1.21 8.46E-04 
 USA300HOU_2669 intercellular adhesion protein C 1.12 2.80E-04 
 USA300HOU_2160 major facilitator transporter 1.12 6.30E-04 
 USA300HOU_2442 major facilitator superfamily 
chloramphenicol:cation symporter 
1.11 2.54E-03 
 USA300HOU_0287 major facilitator transporter 1.1 4.51E-03 
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 USA300HOU_2501 major facilitator transporter 1.1 2.43E-05 
 USA300HOU_1509 alpha-D-1,4-glucosidase 0.98 5.26E-04 
 USA300HOU_1674 glyceraldehyde 3-phosphate 
dehydrogenase 2 
0.97 1.35E-03 
 USA300HOU_0281 D-ribose pyranase 0.92 3.07E-03 
 USA300HOU_0280 ribokinase 0.92 9.43E-03 
 USA300HOU_0282 DMT superfamily drug/metabolite 
transporter 
0.87 1.29E-02 
 USA300HOU_0229 sugar phosphate antiporter 0.87 4.93E-03 
 USA300HOU_0679 hypothetical protein 0.79 8.40E-03 
 USA300HOU_0226 hypothetical protein 0.73 2.36E-02 
 USA300HOU_1301 M42 family peptidase 0.73 1.49E-02 
 USA300HOU_2641 PTS family fructose/mannitol (fru) 
porter component IIABC 
0.66 4.14E-02 
 USA300HOU_2418 glycerate kinase 0.65 2.79E-02 
Cell motility USA300HOU_1653 A24 family peptidase 1.89 2.63E-07 
 USA300HOU_1543 hypothetical protein 1.16 1.22E-02 
 USA300HOU_1545 competence protein ComGB 0.92 1.38E-02 





USA300HOU_2610 BCCT family 
betaine/carnitine/choline transporter 
2.52 2.02E-10 
 USA300HOU_1133 lipoprotein signal peptidase 2.19 8.02E-08 
 USA300HOU_1432 bacteriophage amidase 2 5.75E-11 
 USA300HOU_1178 C51 family D-Ala-D-Gly 
carboxypeptidase 
1.63 2.20E-06 
 USA300HOU_2435 glycine betaine/L-proline ABC 
transporter binding protein 
1.41 8.61E-06 
 USA300HOU_0662 penicillin-binding protein 4 1.4 4.20E-05 
 USA300HOU_0658 teichoic acid ABC transporter ATP-
binding/membrane protein 
1.34 1.09E-05 
 USA300HOU_0163 capsular polysaccharide biosynthesis 
protein Cap5A 
1.26 1.14E-03 
 USA300HOU_1121 penicillin-binding protein 1 1 6.33E-03 
 USA300HOU_2664 capsular polysaccharide biosynthesis 
protein CapA 
0.98 3.51E-03 









 USA300HOU_0679 hypothetical protein 0.79 8.40E-03 
 USA300HOU_0274 antiholin-like protein LrgB 0.78 1.52E-02 
 USA300HOU_0774 hypothetical protein 0.78 2.29E-02 






USA300HOU_0190 formate dehydrogenase 2.6 1.66E-19 
 USA300HOU_1626 hypothetical protein 1.97 5.07E-09 
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 USA300HOU_1303 anthranilate synthase component II 1.4 1.90E-04 
 USA300HOU_1062 phosphopantetheine 
adenylyltransferase 
1.33 1.13E-04 
 USA300HOU_2380 uroporphyrin-III C-methyltransferase 1.23 4.26E-05 
 USA300HOU_0193 holo-[acyl-carrier-protein] synthase 1.14 1.43E-03 
 USA300HOU_0989 1,4-dihydroxy-2-naphthoate 
octaprenyltransferase 
1.09 1.75E-03 
 USA300HOU_1534 lipoate--protein ligase A 1.06 5.84E-05 
 USA300HOU_0547 branched-chain amino acid 
aminotransferase 
0.87 2.15E-02 
 USA300HOU_0734 6-pyruvoyltetrahydropterin synthase 0.78 4.38E-02 




USA300HOU_1422 ferredoxin 4.53 1.10E-35 
 USA300HOU_0587 pyridine nucleotide-disulfide 
reductase 
3.77 6.14E-39 
 USA300HOU_2306 NhaC family Na(+)/H(+) antiporter 3.35 3.50E-20 
 USA300HOU_0190 formate dehydrogenase 2.6 1.66E-19 
 USA300HOU_1778 phosphoenolpyruvate carboxykinase 1.44 1.44E-06 
 USA300HOU_2615 CitMHS family citrate-magnesium 
(Mg2+):proton (H+) citrate-calcium 
(Ca2+):proton (H+) symporter 
1.15 7.37E-04 
 USA300HOU_2366 DAACS family dicarboxylate/amino 
acid:sodium or proton symporter 
1.08 1.36E-03 
 USA300HOU_2262 formate dehydrogenase accessory 
protein 
1.04 3.22E-04 
 USA300HOU_2353 zinc (Zn2+) dependent 
dehydrogenase 
0.93 2.34E-03 
 USA300HOU_0905 hypothetical protein 0.87 5.47E-03 
 USA300HOU_0918 glycerophosphodiester 
phosphodiesterase 
0.84 2.54E-03 
 USA300HOU_0899 NADH dehydrogenase 0.84 1.03E-02 
 USA300HOU_0837 nitroreductase 0.8 1.21E-02 
 USA300HOU_0162 bifunctional acetaldehyde-
CoA/alcohol dehydrogenase 
0.65 2.19E-02 





USA300HOU_2586 hypothetical protein 6.09 1.32E-60 
 USA300HOU_1421 hypothetical protein 3.81 2.58E-27 
 USA300HOU_2643 bacteriophage infection protein 3.42 5.10E-18 
 USA300HOU_2446 hypothetical protein 3.13 1.04E-27 
 USA300HOU_2579 hypothetical protein 2.87 3.85E-16 
 USA300HOU_2387 hypothetical protein 2.63 1.30E-16 
 USA300HOU_2082 hypothetical protein 2.62 2.57E-12 
 USA300HOU_2324 hypothetical protein 2.31 4.64E-12 
 USA300HOU_1369 hypothetical protein 2.25 5.82E-11 
 USA300HOU_2689 hypothetical protein 2.2 9.49E-12 
 USA300HOU_0247 hypothetical protein 2.11 1.59E-08 
 USA300HOU_0394 hypothetical protein 2.11 5.23E-11 
 USA300HOU_2568 hypothetical protein 2.07 2.12E-13 
 USA300HOU_2416 hypothetical protein 2.05 1.28E-08 
90 
 
 USA300HOU_1076 hypothetical protein 2.04 1.61E-09 
 USA300HOU_1452 portal protein 2.03 2.31E-14 
 USA300HOU_1913 hypothetical protein 2.01 4.16E-08 
 USA300HOU_1280 hypothetical protein 2 4.98E-09 
 USA300HOU_0189 hypothetical protein 1.99 1.51E-10 
 USA300HOU_1839 hypothetical protein 1.92 2.05E-11 
 USA300HOU_0339 hypothetical protein 1.91 7.64E-09 
 USA300HOU_0297 hypothetical protein 1.89 9.82E-07 
 USA300HOU_0035 hypothetical protein 1.88 2.00E-07 
 USA300HOU_0720 transcriptional regulator 1.86 6.02E-10 
 USA300HOU_0091 hypothetical protein 1.83 2.24E-09 
 USA300HOU_0356 hypothetical protein 1.8 1.50E-09 
 USA300HOU_1399 hypothetical protein 1.72 3.08E-07 
 USA300HOU_0092 hypothetical protein 1.71 2.55E-06 
 USA300HOU_0922 hypothetical protein 1.67 1.72E-07 
 USA300HOU_0494 hypothetical protein 1.63 1.92E-08 
 USA300HOU_1423 hypothetical protein 1.6 1.21E-04 
 USA300HOU_0061 hypothetical protein 1.58 3.82E-06 
 USA300HOU_2439 hypothetical protein 1.53 3.61E-06 
 USA300HOU_1117 hypothetical protein 1.51 5.21E-06 
 USA300HOU_1604 hypothetical protein 1.49 2.85E-05 
 USA300HOU_0350 ascorbate-specific PTS system 
enzyme IIC 
1.47 2.31E-05 
 USA300HOU_0763 hypothetical protein 1.44 9.75E-05 
 USA300HOU_1108 arginine/ornithine APC transporter 1.42 5.45E-07 
 USA300HOU_1860 hypothetical protein 1.41 1.28E-07 
 USA300HOU_2439 hypothetical protein 1.38 5.42E-06 
 USA300HOU_1220 hypothetical protein 1.38 1.45E-06 
 USA300HOU_2507 hypothetical protein 1.34 7.31E-04 
 USA300HOU_0420 hypothetical protein 1.31 5.61E-04 
 USA300HOU_0395 hypothetical protein 1.2 2.06E-02 
 USA300HOU_2498 hypothetical protein 1.2 2.96E-05 
 USA300HOU_2421 hypothetical protein 1.16 3.30E-04 
 USA300HOU_1040 hypothetical protein 1.15 3.02E-04 
 USA300HOU_0675 hypothetical protein 1.13 7.86E-03 
 USA300HOU_1050 hypothetical protein 1.13 5.93E-04 
 USA300HOU_1197 hypothetical protein 1.1 3.53E-03 
 USA300HOU_1118 cell division protein MraZ 1.08 4.00E-03 
 USA300HOU_0180 hypothetical protein 1.06 7.39E-04 
 USA300HOU_1294 lysyl transferase 1.03 1.45E-03 
 USA300HOU_1285 hypothetical protein 1.03 3.02E-04 
 USA300HOU_1058 hypothetical protein 1.03 9.77E-04 
 USA300HOU_1497 hypothetical protein 1.03 4.82E-03 
 USA300HOU_1173 hypothetical protein 1.03 3.03E-04 
 USA300HOU_2340 hypothetical protein 1 2.25E-03 
 USA300HOU_0394 hypothetical protein 0.99 7.35E-03 
 USA300HOU_1593 hypothetical protein 0.98 2.34E-04 
 USA300HOU_2124 hypothetical protein 0.98 4.46E-03 
 USA300HOU_0667 hypothetical protein 0.93 3.80E-02 
 USA300HOU_1782 hypothetical protein 0.91 2.34E-02 
 USA300HOU_1161 hypothetical protein 0.91 1.53E-03 
 USA300HOU_1128 hypothetical protein 0.89 1.43E-02 
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 USA300HOU_0748 hypothetical protein 0.8 5.38E-03 
 USA300HOU_1145 hypothetical protein 0.79 1.84E-02 
 USA300HOU_1615 hypothetical protein 0.76 9.39E-03 
 USA300HOU_2568 hypothetical protein 0.65 3.82E-02 
 USA300HOU_0869 hypothetical protein 0.62 3.98E-02 
 USA300HOU_1761 hypothetical protein 0.61 2.83E-02 






USA300HOU_1133 lipoprotein signal peptidase 2.19 8.02E-08 
 USA300HOU_1653 A24 family peptidase 1.89 2.63E-07 
 USA300HOU_1451 bacteriophage protease 1.84 2.30E-07 
 USA300HOU_1541 hypothetical protein 1.77 3.98E-08 
 USA300HOU_0924 type I general secretory pathway 
signal peptidase I 
1.52 2.00E-06 
 USA300HOU_0923 type I general secretory pathway 
signal peptidase I 
1.43 8.10E-07 
 USA300HOU_1543 hypothetical protein 1.16 1.22E-02 
 USA300HOU_1544 competence protein ComGC 1.12 3.20E-03 
 USA300HOU_0808 preprotein translocase subunit SecG 1.11 2.77E-04 
 USA300HOU_1637 type I general secretory pathway 
preprotein translocase subunit YajC 
0.99 3.15E-02 
 USA300HOU_1545 competence protein ComGB 0.92 1.38E-02 






USA300HOU_0333 nucleoside transporter 1.87 6.32E-07 
 USA300HOU_1611 uridine kinase 1.56 2.07E-07 
 USA300HOU_0413 IMP dehydrogenase 0.88 2.41E-02 




USA300HOU_0925 ATP-dependent nuclease Rex subunit 
B 
3.74 7.14E-06 
 USA300HOU_1498 integrase/recombinase XerD 3.47 6.20E-40 
 USA300HOU_pUS
A300HOUMR0027 
IS431mec transposase 3.06 1.33E-13 
 USA300HOU_1490 integrase 2.98 1.40E-25 
 USA300HOU_1268 thermonuclease 2.86 6.99E-10 
 USA300HOU_1855 IS1181 transposase 2.77 4.25E-09 
 USA300HOU_1588 DNA polymerase III subunit delta 2.48 1.61E-13 
 USA300HOU_1299 ImpB/MucB/SamB family DNA-
damage repair protein 
2.3 5.25E-15 
 USA300HOU_0388 single-stranded DNA-binding protein 2.23 3.12E-07 
 USA300HOU_0026 IS431mec transposase 2.12 8.37E-03 
 USA300HOU_2155 transposase 2.03 2.22E-05 
 USA300HOU_1906 ATP-dependent DNA helicase PcrA 1.9 1.95E-09 
 USA300HOU_pUS
A300HOUMR0030 
Sin recombinase 1.87 4.56E-12 
 USA300HOU_1894 DNA-directed DNA polymerase IV 1.84 9.09E-10 
 USA300HOU_0286 transposase 1.81 4.14E-05 
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 USA300HOU_1989 single-stranded DNA-binding protein 1.71 2.80E-07 
 USA300HOU_1652 DNA repair protein RadC 1.69 1.80E-08 
 USA300HOU_1564 DNA primase 1.66 3.22E-06 
 USA300HOU_1893 DNA-directed DNA polymerase III 1.57 1.62E-04 
 USA300HOU_1779 transposase 1.56 1.10E-06 
 USA300HOU_pUS
A10HOUMR0001 
replication initiation protein 1.54 2.87E-07 
 USA300HOU_pUS
A10HOUMR0001 
replication initiation protein 1.5 4.40E-05 
 USA300HOU_pUS
A300HOUMR0021 
IS431 mec transposase 1.48 3.65E-06 
 USA300HOU_2021 terminase small subunit 1.45 4.00E-05 
 USA300HOU_0286 transposase 1.33 1.38E-02 
 USA300HOU_0286 transposase 1.32 1.22E-04 
 USA300HOU_2325 DNA-3-methyladenine glycosylase 1.31 4.84E-06 
 USA300HOU_0777 superfamily II DNA/RNA helicase 
ComFA 
1.28 4.73E-04 
 USA300HOU_0417 transposase 1.28 3.06E-03 
 USA300HOU_1217 recombinase A 1.27 1.43E-05 
 USA300HOU_1353 IS200 transposase 1.23 6.34E-06 





IS257 transposase 1.06 6.21E-04 
 USA300HOU_0286 transposase 1.05 2.30E-02 
 USA300HOU_pUS
A300HOUMR0014 
recombinase 1.04 5.59E-04 
 USA300HOU_1525 exodeoxyribonuclease VII large 
subunit 
0.99 2.66E-02 
 USA300HOU_0055 integrase 0.97 4.53E-03 
 USA300HOU_1082 excinuclease ABC subunit C 0.95 1.36E-03 
 USA300HOU_1381 hypothetical protein 0.94 1.30E-02 
 USA300HOU_1591 competence protein comEA 0.84 4.79E-03 
 USA300HOU_1656 3-methyladenine glycosidase 0.82 6.80E-03 
 USA300HOU_1616 hypothetical protein 0.8 9.23E-03 
 USA300HOU_1061 site-specific DNA-methyltransferase 
(adenine-specific) 
0.79 2.29E-02 
 USA300HOU_0467 hypothetical protein 0.77 9.62E-03 
 USA300HOU_1196 DNA polymerase III PolC 0.76 2.98E-02 







USA300HOU_0534 50S ribosomal protein L7/L12 4.16 1.14E-17 
 USA300HOU_1707 30S ribosomal protein S4 3.5 2.30E-12 
 USA300HOU_0533 50S ribosomal protein L10 3.44 7.69E-15 
 USA300HOU_1205 30S ribosomal protein S15 3.35 1.50E-13 
 USA300HOU_1203 pseudouridylate synthase 3.21 2.49E-10 
 USA300HOU_2228 30S ribosomal protein S14 3.17 2.43E-22 
 USA300HOU_0521 glutamyl-tRNA synthetase 3.01 2.61E-12 
 USA300HOU_2209 50S ribosomal protein L13 2.86 5.63E-11 
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 USA300HOU_0495 50S ribosomal protein L25/general 
stress protein Ctc 
2.86 7.70E-11 
 USA300HOU_1587 30S ribosomal protein S20 2.83 1.62E-08 
 USA300HOU_0531 50S ribosomal protein L11 2.57 6.65E-09 
 USA300HOU_1188 30S ribosomal protein S2 2.57 1.37E-09 
 USA300HOU_2716 ribonuclease P 2.49 1.04E-09 
 USA300HOU_1134 pseudouridylate synthase RluD 2.43 3.77E-12 
 USA300HOU_1202 ribosome-binding factor A 2.42 3.28E-16 
 USA300HOU_2208 30S ribosomal protein S9 2.41 5.43E-08 
 USA300HOU_0389 30S ribosomal protein S18 2.39 1.32E-08 
 USA300HOU_0387 30S ribosomal protein S6 2.29 5.30E-08 
 USA300HOU_1646 50S ribosomal protein L21 2.29 8.33E-07 
 USA300HOU_1644 50S ribosomal protein L27 2.15 5.50E-07 
 USA300HOU_0096 hypothetical protein 2.07 2.90E-13 
 USA300HOU_1645 hypothetical protein 2.03 3.46E-06 
 USA300HOU_0532 50S ribosomal protein L1 2.03 7.55E-05 
 USA300HOU_2108 50S ribosomal protein L31 type B 2 1.71E-07 
 USA300HOU_1553 50S ribosomal protein L33 1.97 4.89E-05 
 USA300HOU_1234 tRNA delta(2)-
isopentenylpyrophosphate transferase 
1.92 1.78E-11 
 USA300HOU_2231 50S ribosomal protein L14 1.89 5.56E-06 
 USA300HOU_0539 30S ribosomal protein S12 1.88 1.45E-05 
 USA300HOU_0521 glutamyl-tRNA synthetase 1.85 2.18E-03 
 USA300HOU_0538 putative ribosomal protein L7Ae-like 1.76 7.22E-06 
 USA300HOU_2233 50S ribosomal protein L29 1.73 1.75E-04 
 USA300HOU_2228 30S ribosomal protein S14 1.69 1.47E-05 
 USA300HOU_0540 30S ribosomal protein S7 1.64 2.74E-06 
 USA300HOU_2227 30S ribosomal protein S8 1.58 3.67E-05 
 USA300HOU_2226 50S ribosomal protein L6 1.56 2.54E-04 
 USA300HOU_0973 hypothetical protein 1.43 8.61E-06 
 USA300HOU_1278 50S ribosomal protein L33 1.42 3.26E-03 






 USA300HOU_2214 50S ribosomal protein L17 1.33 2.07E-04 
 USA300HOU_1190 elongation factor Ts 1.33 3.64E-04 
 USA300HOU_2223 50S ribosomal protein L30 1.31 2.37E-03 
 USA300HOU_2232 30S ribosomal protein S17 1.23 8.34E-04 
 USA300HOU_2229 50S ribosomal protein L5 1.18 4.93E-03 
 USA300HOU_0363 N-acetyltransferase 1.18 1.91E-03 
 USA300HOU_2224 30S ribosomal protein S5 1.15 2.20E-02 
 USA300HOU_1206 polynucleotide 
phosphorylase/polyadenylase 
1.12 2.02E-04 
 USA300HOU_0936 hypothetical protein 1.09 2.86E-04 
 USA300HOU_0978 peptide chain release factor 3 1.08 1.37E-02 
 USA300HOU_2230 50S ribosomal protein L24 1.05 9.23E-03 
 USA300HOU_2217 30S ribosomal protein S13 1.02 9.77E-03 






 USA300HOU_2222 50S ribosomal protein L15 0.88 2.84E-02 
 USA300HOU_1844 pseudouridylate synthase 0.8 8.23E-03 
94 
 
 USA300HOU_1182 tRNA (uracil-5-)-methyltransferase 
Gid 
0.75 1.31E-02 
aGenes with increased expression following exposure to tetracycline compared with samples without 
exposure are listed with an adj. p-value <0.05.  IMG role categories with over- and underrepresentation 
based on odds ratios are listed. 
bLocus tag identification is based upon MRSA TCH1516 
cAnnotation was based on IMG role category gene annotation listings. 
 
Table 3.7 Genes downregulated following exposure to tetracycline among IMG role 
categories 








USA300HOU_0804 triosephosphate isomerase -3.35 7.04E-26 
 USA300HOU_0564 3-hexulose-6-phosphate synthase -3.28 2.07E-22 
 USA300HOU_0806 phosphopyruvate hydratase -3.16 7.43E-24 
 USA300HOU_0203 PTS family glucose/glucoside (glc) 
porter component IIABC 
-3.02 1.70E-11 
 USA300HOU_1770 putative translaldolase -3 5.57E-18 
 USA300HOU_2599 fructose-1,6-bisphosphate aldolase -2.9 2.32E-18 
 USA300HOU_0803 phosphoglycerate kinase -2.89 5.49E-21 
 USA300HOU_2398 phosphoglycerate mutase -2.88 1.29E-21 
 USA300HOU_0921 glucose-6-phosphate isomerase -2.85 4.76E-22 
 USA300HOU_0805 phosphoglyceromutase -2.79 7.52E-17 
 USA300HOU_2148 PTS family fructose/mannitol (fru) 
porter component IIA 
-2.79 5.49E-14 
 USA300HOU_1685 6-phosphofructokinase -2.72 6.55E-20 
 USA300HOU_0889 haloacid dehalogenase -2.63 3.85E-16 
 USA300HOU_0721 DeoR family transcriptional regulator -2.5 4.41E-15 
 USA300HOU_0722 1-phosphofructokinase -2.46 3.71E-11 




 USA300HOU_0802 glyceraldehyde-3-phosphate 
dehydrogenase (phosphorylating) 
-2.15 1.32E-09 
 USA300HOU_0563 glucosamine-6-phosphate deaminase -2.13 2.74E-13 
 USA300HOU_0201 indolepyruvate decarboxylase -2.08 1.50E-09 
 USA300HOU_2038 sucrose-6-phosphate hydrolase -2.08 3.13E-14 
 USA300HOU_1507 glucose-6-phosphate 1-
dehydrogenase 
-2.02 1.08E-08 
 USA300HOU_1549 glucokinase -1.86 7.22E-06 
 USA300HOU_0724 N-acetylglucosamine-6-phosphate 
deacetylase 
-1.84 9.37E-13 
 USA300HOU_2133 hypothetical protein -1.83 1.46E-06 
 USA300HOU_1684 pyruvate kinase -1.81 7.55E-09 
 USA300HOU_2037 fructokinase -1.76 5.10E-10 
 USA300HOU_0151 phosphopentomutase -1.68 2.88E-08 





 USA300HOU_2185 tagatose 1,6-diphosphate aldolase -1.6 4.21E-03 
 USA300HOU_2238 DMT superfamily drug/metabolite 
transporter 
-1.54 3.68E-05 
 USA300HOU_2530 PTS family glucose/glucoside (glc) 
porter component IIABC 
-1.51 2.84E-04 
 USA300HOU_2151 phosphoglucosamine mutase -1.5 3.69E-08 
 USA300HOU_2048 dihydroxy-acid dehydratase -1.48 6.67E-03 





 USA300HOU_1359 PTS family glucose/glucoside (glc) 
porter component IIA 
-1.37 6.48E-06 
 USA300HOU_1512 6-phosphogluconate dehydrogenase -1.37 8.49E-07 
 USA300HOU_0223 maltose/maltodextrin ABC 
transporter membrane protein 
-1.31 1.07E-04 
 USA300HOU_1026 PTS family phosphoenolpyruvate 
(PEP) porter component I 
-1.25 5.18E-05 
 USA300HOU_1866 teichoic acid ABC transporter ATP-
binding protein 
-1.2 8.56E-04 
 USA300HOU_0113 xylan 1,4-beta-xylosidase -1.17 1.61E-05 
 USA300HOU_0330 PfoR family transcriptional regulator -1.15 7.54E-05 
 USA300HOU_2316 ribose-5-phosphate isomerase A -1.14 2.67E-04 
 USA300HOU_0723 PTS family fructose/mannitol (fru) 
porter component IIABC 
-1.09 1.55E-03 
 USA300HOU_1025 phosphocarrier protein HPr -1.09 4.95E-04 
 USA300HOU_0399 phosphoglycerate mutase -1.09 1.18E-04 
 USA300HOU_2113 fructose-bisphosphate aldolase -1.09 2.99E-03 
 USA300HOU_0349 dehydrogenase -1.02 5.15E-04 
 USA300HOU_2493 gluconokinase -1.02 4.95E-04 
 USA300HOU_0964 inorganic polyphosphate/ATP-NAD 
kinase 
-1 1.76E-04 
 USA300HOU_1849 hypothetical protein -1 2.77E-04 
 USA300HOU_0671 glycerone kinase -0.92 3.71E-03 
 USA300HOU_0133 HpcH/HpaI family aldolase -0.91 1.39E-02 
 USA300HOU_0221 ABC transporter substrate-binding 
protein 
-0.86 3.20E-02 
 USA300HOU_1925 hypothetical protein -0.81 1.05E-02 
 USA300HOU_0220 maltose/maltodextrin ABC 
transporter ATP-binding protein 
-0.76 2.24E-02 





 USA300HOU_1715 PTS family porter component IIBC -0.67 2.76E-02 





USA300HOU_0565 glucose-6-phosphate isomerase -2.93 4.82E-21 
 USA300HOU_0264 glycosyl/glycerophosphate 
transferase 
-2.78 1.39E-16 
 USA300HOU_2101 UDP-GlcNAc 2-epimerase -2.52 1.21E-18 
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 USA300HOU_1064 iron (Fe2+)-regulated surface 








 USA300HOU_1086 glutamate racemase -2.1 1.49E-12 
 USA300HOU_1194 M50 family peptidase -1.95 1.65E-11 
 USA300HOU_2077 UDP-N-acetylmuramoyl-tripeptide--
D-alanyl-D- alanine ligase 
-1.86 1.51E-12 
 USA300HOU_2178 BCCT family 
betaine/carnitine/choline transporter 
-1.84 4.23E-05 
 USA300HOU_2133 hypothetical protein -1.83 1.46E-06 
 USA300HOU_0727 glycosyltransferase -1.75 8.44E-09 
 USA300HOU_1124 cell division protein FtsQ -1.66 3.64E-08 
 USA300HOU_2078 D-alanyl-alanine synthetase A -1.64 1.78E-08 
 USA300HOU_1334 alanine racemase -1.57 3.19E-04 
 USA300HOU_1121 penicillin-binding protein 1 -1.55 1.32E-07 
 USA300HOU_1119 S-adenosyl-methyltransferase -1.49 2.88E-08 
 USA300HOU_0789 prolipoprotein diacylglyceryl 
transferase 
-1.49 1.70E-05 
 USA300HOU_0268 glycosyl/glycerophosphate 
transferase 
-1.46 2.25E-06 
 USA300HOU_1570 diacylglycerol kinase -1.46 9.19E-05 
 USA300HOU_2517 sortase -1.45 4.25E-05 
 USA300HOU_0265 CDP-glycerol 
glycerophosphotransferase 
-1.27 8.29E-06 
 USA300HOU_2532 hypothetical protein -1.23 3.04E-04 
 USA300HOU_1866 teichoic acid ABC transporter ATP-
binding protein 
-1.2 8.56E-04 
 USA300HOU_1554 penicillin-binding protein 3 -1.11 1.20E-04 
 USA300HOU_2489 UTP--glucose-1-phosphate 
uridylyltransferase 
-1.08 5.84E-05 
 USA300HOU_1396 glycosyltransferase -1.08 8.60E-05 
 USA300HOU_2065 alanine racemase -1.07 6.73E-05 




 USA300HOU_2145 glucosamine--fructose-6-phosphate 
aminotransferase 
-0.96 4.28E-03 
 USA300HOU_0558 glycosyltransferase -0.95 1.50E-03 
 USA300HOU_2198 M23B subfamily peptidase -0.95 2.08E-03 
 USA300HOU_1783 o-succinylbenzoic acid (OSB) 
synthetase 
-0.94 1.37E-03 
 USA300HOU_2090 UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 
-0.92 7.65E-04 
 USA300HOU_0746 glycine betaine/carnitine/choline 
ABC transporter membrane protein 
-0.86 3.48E-03 
 USA300HOU_1630 N-acetylmuramoyl-L-alanine 
amidase 
-0.69 3.68E-02 
 USA300HOU_0328 ABC transporter ATP-binding 
protein 
-0.64 2.42E-02 






USA300HOU_0511 pyridoxal biosynthesis lyase PdxS -3.58 1.17E-36 
 USA300HOU_0512 glutamine amidotransferase subunit 
PdxT 
-2.67 6.71E-25 
 USA300HOU_0890 dehydrogenase -2.67 4.73E-22 
 USA300HOU_0348 lipoate--protein ligase A -2.37 1.02E-15 
 USA300HOU_1741 D-alanine aminotransferase -2.16 1.98E-13 
 USA300HOU_2051 ketol-acid reductoisomerase -2.13 2.24E-05 
 USA300HOU_0993 naphthoate synthase -2.09 1.74E-12 
 USA300HOU_0201 indolepyruvate decarboxylase -2.08 1.50E-09 
 USA300HOU_0508 dihydropteroate synthase -2 2.78E-13 
 USA300HOU_1661 uroporphyrinogen III synthase -1.95 4.53E-09 
 USA300HOU_2049 acetolactate synthase large subunit -1.94 6.86E-05 
 USA300HOU_2513 D-lactate dehydrogenase -1.93 1.20E-09 
 USA300HOU_2252 molybdopterin synthase small 
subunit 
-1.87 2.85E-05 
 USA300HOU_1407 trans-hexaprenyltranstransferase 
subunit II 
-1.84 3.71E-11 
 USA300HOU_0991 2-oxoglutarate decarboxylase -1.8 7.28E-09 
 USA300HOU_2287 hypothetical protein -1.77 4.49E-06 
 USA300HOU_2255 molybdopterin biosynthesis protein 
MoeA 
-1.68 9.39E-09 
 USA300HOU_2254 molybdopterin-guanine dinucleotide 
biosynthesis protein B 
-1.66 1.03E-05 
 USA300HOU_0573 phosphomethylpyrimidine kinase -1.62 5.05E-07 
 USA300HOU_0990 isochorismate synthase -1.57 1.28E-05 
 USA300HOU_2531 pyruvate oxidase -1.56 1.17E-06 
 USA300HOU_1915 nicotinate phosphoribosyltransferase -1.54 1.03E-06 
 USA300HOU_1914 NAD synthetase -1.53 7.99E-07 
 USA300HOU_1664 glutamyl-tRNA reductase -1.47 3.50E-07 
 USA300HOU_1595 nicotinate-nucleotide 
adenylyltransferase 
-1.46 2.75E-06 
 USA300HOU_1363 dihydrofolate reductase -1.4 2.37E-07 
 USA300HOU_2617 precorrin-2 dehydrogenase -1.24 6.44E-06 
 USA300HOU_0547 branched-chain amino acid 
aminotransferase 
-1.19 1.14E-04 
 USA300HOU_2594 2-dehydropantoate 2-reductase -1.15 1.05E-04 
 USA300HOU_0668 iron (Fe3+) ABC transporter ATP-
binding protein 
-1.15 1.12E-04 
 USA300HOU_2251 molybdopterin-guanine dinucleotide 
biosynthesis protein A 
-1.13 1.93E-04 
 USA300HOU_2592 pantoate--beta-alanine ligase -1.12 3.31E-05 





 USA300HOU_1659 glutamate-1-semialdehyde 
aminotransferase 
-1.1 4.93E-05 
 USA300HOU_0582 lipoate--protein ligase A -1.1 5.50E-05 
 USA300HOU_1523 geranyltranstransferase -1.08 7.03E-05 





 USA300HOU_0738 aminodeoxychorismate lyase -1.02 3.14E-03 
 USA300HOU_2409 biotin synthase -1.02 8.47E-03 
 USA300HOU_2253 molybdopterin synthase large subunit -0.98 1.61E-03 
 USA300HOU_2258 molybdopterin biosynthesis protein 
MoeB 
-0.95 6.25E-04 
 USA300HOU_1552 5-formyltetrahydrofolate cyclo-ligase -0.94 2.47E-02 
 USA300HOU_1594 hypothetical protein -0.91 4.22E-03 
 USA300HOU_1857 D-3-phosphoglycerate 
dehydrogenase 
-0.87 2.67E-02 
 USA300HOU_1675 dephospho-CoA kinase -0.86 4.85E-03 
 USA300HOU_1662 porphobilinogen deaminase -0.84 1.82E-03 
 USA300HOU_1654 tetrahydrofolate synthase -0.83 1.09E-02 
 USA300HOU_1660 delta-aminolevulinic acid 
dehydratase 
-0.73 1.37E-02 
 USA300HOU_2257 molybdopterin cofactor biosynthesis 
protein MoaB 
-0.73 2.60E-02 
 USA300HOU_1777 S-adenosylmethionine synthetase -0.66 4.12E-02 
 USA300HOU_0348 lipoate--protein ligase A -0.64 3.07E-02 






USA300HOU_2094 F0F1 ATP synthase subunit gamma -3.49 3.89E-26 
 USA300HOU_2093 F0F1 ATP synthase subunit beta -3.39 1.65E-26 
 USA300HOU_2097 F0F1 ATP synthase subunit B -3.25 1.87E-24 
 USA300HOU_1037 pyruvate dehydrogenase (acetyl-
transferring) beta subunit 
-3.24 8.14E-23 
 USA300HOU_2095 F0F1 ATP synthase subunit alpha -3.21 1.49E-24 
 USA300HOU_1038 branched-chain alpha-keto acid 
dehydrogenase subunit E2 
-3.14 5.31E-14 
 USA300HOU_2096 F0F1 ATP synthase subunit delta -2.96 1.11E-22 
 USA300HOU_1039 dihydrolipoamide dehydrogenase -2.7 8.39E-23 
 USA300HOU_0890 dehydrogenase -2.67 4.73E-22 
 USA300HOU_0838 thioredoxin -2.58 6.96E-16 
 USA300HOU_1036 pyruvate dehydrogenase (acetyl-
transferring) alpha subunit 
-2.57 2.69E-17 
 USA300HOU_0457 NADH dehydrogenase subunit 5 -2.46 2.27E-13 
 USA300HOU_1519 pyruvate dehydrogenase (acetyl-
transferring) alpha subunit 
-2.46 1.66E-11 
 USA300HOU_2092 F0F1 ATP synthase subunit epsilon -2.23 6.37E-15 
 USA300HOU_1520 dihydrolipoamide dehydrogenase -2.02 6.50E-10 
 USA300HOU_1002 cytochrome c oxidase subunit IV -1.96 1.16E-05 
 USA300HOU_2513 D-lactate dehydrogenase -1.93 1.20E-09 
 USA300HOU_1518 2-oxoisovalerate dehydrogenase 
(acylating) beta subunit 
-1.92 7.36E-10 
 USA300HOU_1004 quinol oxidase subunit I -1.92 6.77E-10 
 USA300HOU_0251 L-lactate dehydrogenase -1.9 1.46E-10 
 USA300HOU_1688 malate dehydrogenase (oxaloacetate-
decarboxylating) (NADP(+)) 
-1.88 1.65E-11 
 USA300HOU_1003 quinol oxidase subunit III -1.86 5.92E-09 
 USA300HOU_1005 quinol oxidase subunit II -1.85 1.26E-07 
 USA300HOU_1923 aldehyde dehydrogenase -1.82 3.67E-08 
 USA300HOU_2287 hypothetical protein -1.77 4.49E-06 
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 USA300HOU_0915 flavin reductase -1.74 1.82E-07 
 USA300HOU_1232 aerobic glycerol-3-phosphate 
dehydrogenase 
-1.67 1.45E-05 
 USA300HOU_0029 glycerophosphodiester 
phosphodiesterase 
-1.65 1.08E-08 
 USA300HOU_1698 acetate kinase -1.56 6.02E-08 
 USA300HOU_1052 pyruvate carboxylase -1.55 6.27E-06 
 USA300HOU_2099 F0F1 ATP synthase subunit A -1.44 8.21E-06 
 USA300HOU_2306 NhaC family Na(+)/H(+) antiporter -1.41 5.11E-06 
 USA300HOU_2110 aldehyde dehydrogenase -1.39 3.10E-06 
 USA300HOU_1517 dihydrolipoyllysine-residue 
acetyltransferase 
-1.36 6.14E-06 
 USA300HOU_1283 aconitate hydratase -1.36 2.54E-05 
 USA300HOU_2282 NhaC family Na(+)/H(+) antiporter -1.27 1.01E-04 
 USA300HOU_2327 isopentenyl pyrophosphate isomerase -1.19 2.76E-05 
 USA300HOU_2053 3-isopropylmalate dehydrogenase -1.14 1.10E-02 
 USA300HOU_1921 putative manganese-dependent 
inorganic pyrophosphatase 
-1.14 3.52E-05 
 USA300HOU_2549 1-pyrroline-5-carboxylate 
dehydrogenase 
-1.08 1.52E-04 
 USA300HOU_0909 putative monovalent cation/H+ 
antiporter subunit D 
-1.04 4.33E-03 
 USA300HOU_0581 phosphotransacetylase -0.98 7.32E-04 
 USA300HOU_1411 NAD(P)H-dependent glycerol-3-
phosphate dehydrogenase 
-0.98 2.57E-03 
 USA300HOU_0359 alkanal monooxygenase -0.91 7.38E-03 
 USA300HOU_0545 ribulokinase -0.9 1.73E-03 
 USA300HOU_0606 dehydrogenase -0.89 1.38E-03 
 USA300HOU_0643 putative monovalent cation/H+ 
antiporter subunit A 
-0.81 6.82E-03 
 USA300HOU_2353 zinc (Zn2+) dependent 
dehydrogenase 
-0.8 1.52E-02 
 USA300HOU_1845 fumarate hydratase -0.79 1.10E-02 
 USA300HOU_0912 monovalent cation/H+ antiporter 
subunit A 
-0.78 3.73E-02 
 USA300HOU_1176 succinyl-CoA synthetase subunit beta -0.76 3.33E-02 
 USA300HOU_2378 nitrate reductase beta subunit -0.7 4.95E-02 
 USA300HOU_1501 dehydrogenase -0.65 2.31E-02 
 USA300HOU_2179 alcohol dehydrogenase -0.63 4.27E-02 
 USA300HOU_1682 citrate synthase -0.6 3.73E-02 





USA300HOU_0726 dehydrogenase -3.26 1.63E-27 
 USA300HOU_0263 alcohol dehydrogenase -3.19 4.24E-18 
 USA300HOU_2550 galactoside O-acetyltransferase -2.98 8.86E-22 
 USA300HOU_2550 galactoside O-acetyltransferase -2.93 5.47E-20 
 USA300HOU_1344 nitric-oxide reductase -2.85 4.62E-17 
 USA300HOU_0327 acid phosphatase -2.8 1.55E-19 
 USA300HOU_0544 chaperone protein HchA -2.75 4.77E-15 
 USA300HOU_0890 dehydrogenase -2.67 4.73E-22 
 USA300HOU_2181 hypothetical protein -2.41 2.12E-10 
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 USA300HOU_0883 hypothetical protein -2.38 1.89E-16 
 USA300HOU_0879 dioxygenase -2.37 7.32E-14 
 USA300HOU_0566 phosphatase -2.35 9.49E-12 
 USA300HOU_2659 hypothetical protein -2.26 2.27E-13 
 USA300HOU_0369 hypothetical protein -2.2 1.35E-11 
 USA300HOU_0608 acetytransferase -2.18 1.51E-11 
 USA300HOU_2470 dehydrogenase -2.13 1.40E-13 
 USA300HOU_0201 indolepyruvate decarboxylase -2.08 1.50E-09 
 USA300HOU_0549 hydrolase -2.07 5.47E-11 
 USA300HOU_2575 hydrolase -2.06 2.01E-08 
 USA300HOU_0498 MOP superfamily PST family 
polysaccharide transporter 
-1.99 3.20E-11 
 USA300HOU_0526 hypothetical protein -1.95 7.83E-11 
 USA300HOU_2513 D-lactate dehydrogenase -1.93 1.20E-09 
 USA300HOU_2323 ABC transporter ATP-binding 
protein 
-1.91 1.67E-11 
 USA300HOU_2122 M20D subfamily peptidase -1.9 3.83E-06 
 USA300HOU_1212 short chain dehydrogenase -1.85 5.76E-10 
 USA300HOU_1568 GTP-binding protein Era -1.83 1.13E-08 
 USA300HOU_0992 peptidase -1.82 2.20E-07 
 USA300HOU_1412 GTP-binding protein EngA -1.8 1.54E-11 
 USA300HOU_0267 zinc (Zn2+)-binding dehydrogenase -1.8 1.88E-10 
 USA300HOU_1868 recombination regulator RecX -1.77 1.35E-07 
 USA300HOU_0609 phosphohydrolase -1.75 1.37E-09 
 USA300HOU_2573 dehydrogenase -1.73 1.24E-07 
 USA300HOU_1872 hypothetical protein -1.73 1.75E-11 
 USA300HOU_1907 geranylgeranylglyceryl phosphate 
synthase-like protein 
-1.71 1.01E-08 
 USA300HOU_0818 acetyltransferase -1.7 9.94E-09 
 USA300HOU_0743 ABC transporter ATP-binding 
protein 
-1.67 1.02E-08 
 USA300HOU_1210 hypothetical protein -1.64 6.99E-08 
 USA300HOU_2348 malate:quinone oxidoreductase -1.64 8.77E-09 
 USA300HOU_2574 hypothetical protein -1.6 8.86E-06 
 USA300HOU_2600 malate:quinone oxidoreductase -1.6 2.55E-07 
 USA300HOU_2291 formate dehydrogenase alpha subunit -1.56 4.59E-09 
 USA300HOU_1904 pheromone lipoprotein CamS -1.56 8.55E-06 
 USA300HOU_1571 hypothetical protein -1.56 9.92E-06 
 USA300HOU_1690 hypothetical protein -1.55 1.10E-07 
 USA300HOU_1167 3-oxoacyl-[acyl-carrier-protein] 
reductase 
-1.53 3.63E-04 
 USA300HOU_1834 3'-5' exoribonuclease YhaM -1.53 1.75E-07 
 USA300HOU_0618 hydrolase -1.42 3.05E-04 
 USA300HOU_0499 tetrapyrrole methyltransferase -1.41 1.28E-05 
 USA300HOU_2697 DMT superfamily drug/metabolite 
transporter 
-1.41 1.13E-07 
 USA300HOU_1211 M16C subfamily peptidase -1.4 2.20E-07 
 USA300HOU_0114 M20 family peptidase -1.36 1.13E-05 
 USA300HOU_2199 HAD family phosphatase -1.34 2.40E-05 
 USA300HOU_2527 hypothetical protein -1.32 1.22E-06 
 USA300HOU_0542 M20D subfamily peptidase -1.31 4.31E-06 
 USA300HOU_1822 hypothetical protein -1.29 6.70E-03 
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 USA300HOU_2084 hypothetical protein -1.29 1.30E-06 
 USA300HOU_0617 hydrolase -1.28 3.22E-04 
 USA300HOU_2629 tributyrin esterase EstA -1.28 1.13E-05 
 USA300HOU_2481 hydrolase -1.28 4.59E-04 
 USA300HOU_2180 alcohol dehydrogenase -1.19 3.74E-05 
 USA300HOU_1216 competence-damage inducible 
protein CinA 
-1.15 1.91E-04 
 USA300HOU_1276 HAD family phosphatase -1.14 6.75E-05 
 USA300HOU_0621 hydrolase -1.13 9.73E-04 
 USA300HOU_1551 peptidase -1.12 6.37E-04 
 USA300HOU_1327 ABC transporter ATP-binding 
protein 
-1.1 1.37E-04 
 USA300HOU_0790 acetyltransferase -1.09 3.57E-04 
 USA300HOU_0929 coenzyme A disulfide reductase -1.06 7.28E-05 
 USA300HOU_2386 ABC transporter ATP-binding 
protein 
-1.03 4.00E-03 
 USA300HOU_1732 phenylalanine--tRNA ligase beta 
subunit 
-1.01 3.35E-03 
 USA300HOU_2348 malate:quinone oxidoreductase -1 3.61E-03 
 USA300HOU_2045 ribosomal-protein-alanine 
acetyltransferase 
-1 1.91E-02 
 USA300HOU_0462 peptidase -0.99 1.79E-04 
 USA300HOU_0476 GNAT family acetyltransferase -0.99 7.55E-04 
 USA300HOU_1599 HAD family phosphatase -0.99 1.84E-04 
 USA300HOU_0358 lactoylglutathione lyase -0.99 3.07E-03 
 USA300HOU_1023 hypothetical protein -0.98 2.64E-04 
 USA300HOU_0022 beta-lactamase -0.97 3.59E-03 
 USA300HOU_1338 hypothetical protein -0.96 8.69E-03 
 USA300HOU_1155 hypothetical protein -0.95 2.97E-04 
 USA300HOU_0224 dehydrogenase -0.95 5.51E-03 
 USA300HOU_0520 hypothetical protein -0.95 7.27E-04 
 USA300HOU_1598 GTP-binding protein YqeH -0.94 5.61E-03 
 USA300HOU_1783 o-succinylbenzoic acid (OSB) 
synthetase 
-0.94 1.37E-03 
 USA300HOU_0205 N-acetylmuramic acid-6-phosphate 
etherase 
-0.92 4.83E-02 
 USA300HOU_1088 hypothetical protein -0.89 3.02E-03 
 USA300HOU_1693 metal-dependent hydrolase -0.89 2.04E-03 
 USA300HOU_0960 globin -0.88 2.95E-03 
 USA300HOU_1831 hypothetical protein -0.86 8.30E-03 
 USA300HOU_1158 hypothetical protein -0.83 1.01E-02 
 USA300HOU_1729 hypothetical protein -0.81 8.36E-03 
 USA300HOU_2353 zinc (Zn2+) dependent 
dehydrogenase 
-0.8 1.52E-02 
 USA300HOU_2143 HAD family phosphatase -0.79 5.15E-03 
 USA300HOU_2533 hypothetical protein -0.77 2.73E-02 
 USA300HOU_2443 ABC transporter ATP-binding 
protein 
-0.75 3.47E-02 
 USA300HOU_1031 hypothetical protein -0.74 1.28E-02 
 USA300HOU_0554 hypothetical protein -0.73 4.01E-02 
 USA300HOU_1775 aldo/keto reductase -0.73 2.21E-02 
 USA300HOU_0998 acetyltransferase -0.7 2.95E-02 
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 USA300HOU_1157 non-specific serine/threonine protein 
kinase 
-0.7 1.22E-02 
 USA300HOU_1928 C40 family peptidase -0.69 2.44E-02 
 USA300HOU_1069 heme-degrading monooxygenase 
IsdG 
-0.69 4.70E-02 
 USA300HOU_1547 metallo-beta-lactamase -0.67 1.71E-02 
 USA300HOU_0930 HAD family phosphatase -0.67 3.84E-02 
 USA300HOU_1889 adenosylcobyric acid synthase 
(glutamine-hydrolyzing) 
-0.67 4.01E-02 
 USA300HOU_2179 alcohol dehydrogenase -0.63 4.27E-02 
 USA300HOU_1131 lactoylglutathione lyase -0.62 4.92E-02 





USA300HOU_0030 acyl dehydratase MaoC -2.91 1.30E-23 
 USA300HOU_0262 2-C-methyl-D-erythritol 4-phosphate 
cytidylyltransferase 
-2.78 2.51E-12 
 USA300HOU_2602 acetate--CoA ligase -2.47 8.48E-20 
 USA300HOU_0942 3-oxoacyl-[acyl-carrier-protein] 
synthase 
-2.14 4.68E-08 
 USA300HOU_0941 3-oxoacyl-(acyl carrier protein) 
synthase III 
-1.96 1.45E-06 
 USA300HOU_2267 acyl-CoA dehydrogenase -1.92 1.49E-07 
 USA300HOU_1212 short chain dehydrogenase -1.85 5.76E-10 
 USA300HOU_1784 o-succinylbenzoic acid--CoA ligase -1.82 8.26E-10 
 USA300HOU_2573 dehydrogenase -1.73 1.24E-07 
 USA300HOU_2525 hypothetical protein -1.71 2.33E-10 
 USA300HOU_2331 esterase -1.61 6.79E-08 
 USA300HOU_1165 putative glycerol-3-phosphate 
acyltransferase PlsX 
-1.55 1.77E-04 
 USA300HOU_1167 3-oxoacyl-[acyl-carrier-protein] 
reductase 
-1.53 3.63E-04 
 USA300HOU_1686 acetyl-CoA carboxylase 
carboxyltransferase subunit alpha 
-1.46 6.53E-07 
 USA300HOU_1166 malonyl CoA-acyl carrier protein 
transacylase 
-1.43 3.56E-04 
 USA300HOU_1687 acetyl-CoA carboxylase subunit beta -1.39 8.25E-06 
 USA300HOU_0584 mevalonate diphosphate 
decarboxylase 
-1.38 1.02E-03 
 USA300HOU_0461 hypothetical protein -1.23 3.59E-06 
 USA300HOU_0585 phosphomevalonate kinase -1.22 3.48E-03 
 USA300HOU_2557 squalene desaturase -1.21 5.50E-04 
 USA300HOU_0583 mevalonate kinase -1.21 3.42E-03 
 USA300HOU_1873 hypothetical protein -1.13 2.96E-05 






 USA300HOU_1607 acetyl-CoA carboxylase biotin 
carboxyl carrier subunit 
-1.02 2.35E-02 
 USA300HOU_2066 4'-phosphopantetheinyl transferase -0.97 9.65E-04 
 USA300HOU_2083 cardiolipin synthetase -0.89 8.42E-03 
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 USA300HOU_2089 (3R)-hydroxymyristoyl-ACP 
dehydratase 
-0.88 6.10E-03 




USA300HOU_0253 purine nucleosidase -2.84 4.39E-22 
 USA300HOU_0023 5'-nucleotidase -2.83 8.71E-14 
 USA300HOU_1721 formate--tetrahydrofolate ligase -2.71 4.82E-21 
 USA300HOU_0884 bifunctional 5-nucleotidase/2,3-
cyclic phosphodiesterase 
-2.71 1.60E-22 
 USA300HOU_1014 phosphoribosylformylglycinamidine 
synthase II 
-2.69 3.77E-12 
 USA300HOU_2127 purine nucleoside phosphorylase -2.65 7.50E-18 
 USA300HOU_1016 phosphoribosylaminoimidazole 
synthetase 
-2.48 1.42E-10 





 USA300HOU_2102 uracil phosphoribosyltransferase -2.32 4.13E-08 
 USA300HOU_1015 amidophosphoribosyltransferase -2.17 1.40E-08 
 USA300HOU_0150 deoxyribose-phosphate aldolase -2.17 2.88E-08 
 USA300HOU_1013 phosphoribosylformylglycinamidine 
synthase I 
-2.06 5.37E-06 
 USA300HOU_0412 NCS2 family nucleobase:cation 
symporter-2 
-2.05 1.86E-10 
 USA300HOU_0413 IMP dehydrogenase -2.04 1.81E-12 
 USA300HOU_1569 cytidine deaminase -1.95 6.65E-09 
 USA300HOU_1364 thymidylate synthase -1.89 6.95E-12 
 USA300HOU_0414 GMP synthase -1.88 2.14E-08 
 USA300HOU_0665 CNT family concentrative nucleoside 
transporter 
-1.77 5.63E-10 
 USA300HOU_0755 ribonucleotide-diphosphate reductase 
subunit alpha 
-1.74 2.22E-07 
 USA300HOU_0551 deoxynucleoside kinase -1.74 1.65E-08 
 USA300HOU_1909 adenylosuccinate lyase -1.73 2.94E-08 
 USA300HOU_0550 deoxynucleoside kinase -1.5 8.84E-07 
 USA300HOU_0756 ribonucleotide-diphosphate reductase 
subunit beta 
-1.48 4.85E-07 
 USA300HOU_0411 xanthine phosphoribosyltransferase -1.4 1.48E-04 
 USA300HOU_1015 amidophosphoribosyltransferase -1.38 3.08E-07 
 USA300HOU_0504 hypoxanthine 
phosphoribosyltransferase 
-1.38 5.20E-04 




 USA300HOU_1191 uridylate kinase -1.26 4.07E-05 
 USA300HOU_1010 phosphoribosylaminoimidazole 
carboxylase ATPase subunit 
-1.16 6.59E-03 
 USA300HOU_1406 nucleoside diphosphate kinase -1.06 3.86E-03 
 USA300HOU_0552 deaminase -1.02 1.70E-04 
 USA300HOU_1087 hypothetical protein -1.01 1.14E-03 
 USA300HOU_1018 phosphoribosylamine--glycine ligase -0.97 1.49E-02 
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 USA300HOU_1012 phosphoribosylformylglycinamidine 
synthase 
-0.97 2.95E-02 
 USA300HOU_0514 CNT family concentrative nucleoside 
transporter 
-0.92 6.86E-03 
 USA300HOU_0413 IMP dehydrogenase -0.89 4.77E-03 







USA300HOU_0838 thioredoxin -2.58 6.96E-16 
 USA300HOU_0505 cell division protein FtsH -2.14 3.71E-11 
 USA300HOU_0792 thioredoxin-disulfide reductase -1.94 4.31E-12 
 USA300HOU_1360 methionine sulfoxide reductase B -1.94 9.12E-09 
 USA300HOU_2660 methionine sulfoxide reductase A -1.84 7.04E-09 
 USA300HOU_1361 methionine sulfoxide reductase A -1.82 2.54E-10 
 USA300HOU_0518 AAA family ATP-binding protein -1.8 6.07E-12 
 USA300HOU_0506 Hsp33-like chaperonin -1.65 5.31E-05 
 USA300HOU_0933 endopeptidase ClpB -1.61 1.61E-08 
 USA300HOU_1663 cytochrome c assembly protein -1.5 9.83E-08 
 USA300HOU_1580 chaperone DnaJ -1.38 1.08E-06 
 USA300HOU_1710 hypothetical protein -1.37 4.97E-06 
 USA300HOU_2542 endopeptidase Clp -1.36 1.24E-03 
 USA300HOU_1716 peptidase -1.31 1.43E-05 
 USA300HOU_1184 ATP-dependent protease peptidase 
subunit 
-1.28 8.25E-06 
 USA300HOU_0914 peptidylprolyl isomerase -1.22 1.43E-04 
 USA300HOU_0519 DNA repair protein RadA -1.21 3.18E-05 
 USA300HOU_0871 ABC transporter ATP-binding 
protein 
-1.16 1.66E-04 
 USA300HOU_1858 peroxiredoxin -1.15 4.18E-03 
 USA300HOU_1054 protoheme IX farnesyltransferase -1.07 2.14E-04 
 USA300HOU_1236 glutathione peroxidase -1.06 1.70E-03 
 USA300HOU_1833 peptidylprolyl isomerase -1.03 3.65E-03 
 USA300HOU_1700 thiol peroxidase -0.98 6.29E-04 
 USA300HOU_2024 chaperonin GroEL -0.92 1.44E-03 
 USA300HOU_2044 putative DNA-binding/iron 
metalloprotein/AP endonuclease 
-0.87 8.78E-03 
 USA300HOU_2355 thioredoxin-disulfide reductase -0.79 2.20E-02 
 USA300HOU_1185 ATP-dependent protease ATP-
binding subunit HslU 
-0.74 1.63E-02 
 USA300HOU_1612 U32 family peptidase -0.73 3.12E-02 
 USA300HOU_2046 hypothetical protein -0.72 2.60E-02 




USA300HOU_0019 sensor histidine kinase VicK -2.87 2.96E-20 
 USA300HOU_0231 sensor histidine kinase -2.51 4.69E-17 
 USA300HOU_2060 serine-protein kinase RsbW -2.22 1.46E-10 
 USA300HOU_0272 two-component response regulator -2.15 3.51E-13 
 USA300HOU_1880 response regulator VraR -2.15 1.10E-11 
 USA300HOU_0018 response regulator VicR -1.93 8.61E-11 
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 USA300HOU_1881 sensor histidine kinase VraS -1.81 3.54E-09 
 USA300HOU_1493 sensor histidine kinase SrrB -1.58 4.13E-07 
 USA300HOU_2061 anti-sigma B factor antagonist -1.44 2.35E-05 
 USA300HOU_1156 PP2C protein phosphatase -1.4 2.07E-06 
 USA300HOU_0014 DHH subfamily phosphodiesterase -1.32 4.34E-05 
 USA300HOU_1697 universal stress protein -1.28 1.25E-03 
 USA300HOU_1494 response regulator SrrA -1.26 1.44E-05 
 USA300HOU_2344 hemin DNA-binding response 
regulator 
-1.19 1.18E-04 
 USA300HOU_1572 phosphate starvation-inducible 
protein PhoH 
-1.17 2.41E-04 
 USA300HOU_1632 GTP pyrophosphokinase -1.16 4.00E-04 
 USA300HOU_1706 GAF domain-containing protein -1.16 8.72E-05 
 USA300HOU_0271 sensor histidine kinase LytS -1.12 1.43E-04 
 USA300HOU_2123 S-ribosylhomocysteinase -0.96 1.35E-03 
 USA300HOU_1764 arsenate reductase -0.83 6.53E-03 
 USA300HOU_0072 universal stress protein -0.78 2.69E-02 
 USA300HOU_2624 response regulator -0.72 1.56E-02 
 USA300HOU_1157 non-specific serine/threonine protein 
kinase 
-0.7 1.22E-02 
 USA300HOU_1877 protein-tyrosine-phosphatase -0.68 1.43E-02 
 USA300HOU_2062 sigma factor B regulator -0.65 4.12E-02 
 USA300HOU_2374 sensor histidine kinase -0.63 2.00E-02 
Transcription USA300HOU_0721 DeoR family transcriptional regulator -2.5 4.41E-15 
 USA300HOU_0497 transcription-repair coupling factor -2.36 1.61E-15 
 USA300HOU_0272 two-component response regulator -2.15 3.51E-13 
 USA300HOU_1880 response regulator VraR -2.15 1.10E-11 
 USA300HOU_2147 transcriptional antiterminator -2.04 1.21E-08 
 USA300HOU_0018 response regulator VicR -1.93 8.61E-11 
 USA300HOU_1549 glucokinase -1.86 7.22E-06 
 USA300HOU_0527 hypothetical protein -1.81 5.44E-09 
 USA300HOU_2480 helicase -1.74 3.80E-08 
 USA300HOU_2058 RNA-binding protein -1.48 8.45E-08 
 USA300HOU_1209 GntR family transcriptional regulator -1.3 1.68E-04 
 USA300HOU_1494 response regulator SrrA -1.26 1.44E-05 
 USA300HOU_0370 transcriptional regulator -1.2 5.51E-03 
 USA300HOU_2059 RNA polymerase sigma factor SigB -1.2 6.63E-06 
 USA300HOU_2344 hemin DNA-binding response 
regulator 
-1.19 1.18E-04 
 USA300HOU_1632 GTP pyrophosphokinase -1.16 4.00E-04 
 USA300HOU_0119 transcription regulator GntR -1.16 3.07E-04 
 USA300HOU_0934 LysR family transcriptional regulator -1.1 1.30E-03 
 USA300HOU_0381 ParB family partitioning protein -1.05 3.17E-03 
 USA300HOU_1673 transcriptional regulator NrdR -0.99 1.47E-03 
 USA300HOU_1199 hypothetical protein -0.84 2.21E-02 
 USA300HOU_1393 DNA-directed DNA polymerase III 
epsilon subunit 
-0.83 6.48E-03 
 USA300HOU_0347 Sir2 silent information regulator 
family NAD-dependent deacetylase 
-0.75 3.73E-02 
 USA300HOU_2624 response regulator -0.72 1.56E-02 





 USA300HOU_1146 fibrinogen-binding protein -0.66 1.71E-02 
 USA300HOU_2062 sigma factor B regulator -0.65 4.12E-02 
 USA300HOU_1522 arginine repressor -0.62 2.32E-02 
aGenes with decreased expression following exposure to tetracycline compared with samples without 
exposure are listed with an adj. p-value <0.05.  IMG role categories with over- and underrepresentation 
based on odds ratios are listed. 
bLocus tag identification is based upon MRSA TCH1516 
cAnnotation was based on IMG role category gene annotation listings. 
 
 
3.3.6 Ten IMG Functional Role Categories Were Over- or Underrepresented following 
Tetracycline Exposure for both Up- and Downregulated Genes 
The organization of upregulated genes following exposure to tetracycline resulted 
in 5 categories overrepresented and 5 categories underrepresented.  The intracellular 
trafficking, secretion, and vesicular transport was overrepresented (OR=2.40).  The genes 
representing this group include components to secretory pathways, including specific 
peptidases and translocases. Several individual peptidases (USA300HOU_1133, 1653) 
were represented as well. The translation, ribosomal structure biogenesis (OR=2.09) was 
overrepresented, including a large number of 30S and 50S ribosomal subunit encoding 
genes and genes responsible for ribosome binding factors (US300HOU_1202). Increased 
expression of 15 and 19 gene loci for the 30S and 50S ribosomal subunits was observed, 
respectively.  The replication, recombination and repair (OR=1.57) category consisting of 
transposases and replicases was overrepresented.  The cell motility category (OR=9.56) 
and the unknown function category (OR=1.36) were also overrepresented.  The 
carbohydrate transport and metabolism (OR=0.66), energy production and conversion 
(OR=0.38), coenzyme transport and metabolism (OR=0.31) and nucleotide transport and 
metabolism (OR=0.15) categories were underrepresented.  The cell wall, membrane, and 








Table 3.8 IMG role categories over- or underrepresented for genes upregulated during 
tetracycline exposure 






















117 46 1.57 0.0186 








98 17 0.49 0.0068 
Energy production and 
conversion 
106 15 0.38 0.0004 
Coenzyme transport 
and metabolism 
94 11 0.31 0.0001 
Nucleotide transport 
and metabolism 
66 4 0.15 <0.0001 
aIMG role categories for MRSA TCH1516 
bNumber of genes upregulated during tetracycline exposure within the selected role category 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially expressed genes and 
the total within each category. A p-value <0.05 was the cut-off for significance. 
 
The majority of the role categories underrepresented for upregulated genes were 
also overrepresented for downregulated genes in the response to tetracycline.  The 
nucleotide transport and metabolism (OR=3.34), coenzyme transport and metabolism 
(OR=3.08), energy production and conversion (OR=2.80), lipid transport and metabolism 
(OR=2.13), and carbohydrate transport and metabolism (OR=1.74) categories were 
overrepresented in downregulated genes.  The cell wall, membrane and envelope 
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biogenesis category was overrepresented (OR=1.60).  The decreased activity of metabolic 
and biosynthetic processes coincides with the bacteriostatic effects of tetracycline.  The 
posttranslational modification, protein turnover and chaperones category was 
overrepresented (OR=1.97).   
Table 3.9 IMG role categories over- or underrepresented for genes downregulated during 
tetracycline exposure 











66 38 3.34 <0.0001 
Coenzyme transport 
and metabolism 
94 52 3.08 <0.0001 
Energy production and 
conversion 
106 56 2.80 <0.0001 
Lipid transport and 
metabolism 
62 29 2.13 0.0027 
General function 
prediction only 




67 30 1.97 0.0057 
Signal transduction 
mechanisms 








98 39 1.60 0.0238 
Transcription 135 28 0.61 0.0213 
aIMG role categories for MRSA TCH1516 
bNumber of genes downregulated during tetracycline exposure within the selected role category 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially expressed genes and 
the total within each category. A p-value <0.05 was the cut-off for significance. 
 
 
Downregulation of chaperon proteins and proteases (clpP, clpB, groE, dnaJ, 
hsp33) upon application of tetracycline application was observed.  The signal 
transduction mechanisms category was overrepresented (OR=1.97), including regulatory 
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and response systems.  Decreased activity of the stress response, sigB network under 
tetracycline application is of particular interest (sigB, rsbWV).   
The general function prediction category was also overrepresented (OR=1.99).  The 
transcription category was underrepresented (OR=0.61) in the downregulated genes in 
tetracycline exposed cells.  Additinally, response regulators vicR, vraR, and srrA, and 
sensor kinases (lytS, srrB, vraS, and vicK) were observed. 
 
3.3.7 Vancomycin Treatment Results in the Differential Expression of 311 Genes and 
55 ncRNAs 
The MIC for strain SF8300 in both TSB and MHB was determined to be 
1.0μg/mL for vancomycin.  After determining MICs, antibiotic exposure and inactivation 
kinetics for a 50mL early log phase culture determined that 1hr at concentrations of 
1.0μg/mL for vancomycin attained sublethal inactivation on cell populations (<2 log 
CFU/mL decrease). The effect of vancomycin on log phase cells was assessed through 
global transcriptome analysis following exposure.  RNA-Seq and the DESeq2 analysis 
package identified 311 genes and 55 ncRNAs as significantly differentially expressed 
between cells with and without exposure to vancomycin.  Of the 311 genes and 55 
ncRNAS differentially expressed, 169 genes (Table 3.10) and 38 ncRNAs were 
upregulated in response to the application of vancomycin (adjusted p-value <0.05).  In 
contrast, a total of 142 genes (Table 3.11) and 17 ncRNAs were downregulated in 
































USA300HOU_2032 accessory gene regulator 
protein B 
1.85 2.94E-03 
 USA300HOU_2035 accessory gene regulator 
protein A 
1.8 4.65E-03 
 USA300HOU_2034 accessory gene regulator 
protein C 
1.79 6.57E-03 
 USA300HOU_0072 universal stress protein 1.43 3.58E-04 
 USA300HOU_2374 sensor histidine kinase 1.39 1.09E-03 
 USA300HOU_1493 sensor histidine kinase SrrB 1.23 1.57E-02 
 USA300HOU_2061 anti-sigma B factor 
antagonist 
0.97 3.32E-02 




aGenes with increased expression following exposure to vancomycin compared with samples without 
exposure are listed with an adj. p-value <0.05.  IMG role categories with over- and underrepresentation 
based on odds ratios are listed. 
.bLocus tag identification is based upon MRSA TCH1516 
cAnnotation was based on IMG role category gene annotation listings. 
 















 USA300HOU_0330 PfoR family transcriptional 
regulator 
-1.51 1.02E-05 
 USA300HOU_2523 transcriptional regulator -1.49 1.01E-02 
 USA300HOU_2238 DMT superfamily 
drug/metabolite transporter 
-1.35 3.37E-03 





 USA300HOU_2430 epimerase/dehydratase -1.15 3.15E-03 
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 USA300HOU_0203 PTS family 
glucose/glucoside (glc) 
porter component IIABC 
-1.14 4.77E-02 
 USA300HOU_1025 phosphocarrier protein HPr -1.14 2.64E-02 
 USA300HOU_2319 aldose 1-epimerase -1.03 2.42E-02 
 USA300HOU_0718 major facilitator transporter -1.03 5.62E-03 
 USA300HOU_2160 major facilitator transporter -0.98 2.64E-02 
 USA300HOU_2362 PTS family sucrose porter 
component IIBC 
-0.96 4.62E-02 





 USA300HOU_1549 glucokinase -0.82 3.67E-02 






USA300HOU_2523 transcriptional regulator -0.81 4.33E-02 
 USA300HOU_1549 glucokinase -0.82 3.67E-02 





 USA300HOU_2362 PTS family sucrose porter 
component IIBC 
-0.96 4.62E-02 
 USA300HOU_2160 major facilitator transporter -0.98 2.64E-02 
 USA300HOU_0718 major facilitator transporter -1.03 5.62E-03 
 USA300HOU_2319 aldose 1-epimerase -1.03 2.42E-02 
 USA300HOU_1025 phosphocarrier protein HPr -1.14 2.64E-02 
 USA300HOU_0203 PTS family 
glucose/glucoside (glc) 
porter component IIABC 
-1.14 4.77E-02 
 USA300HOU_2430 epimerase/dehydratase -1.15 3.15E-03 





 USA300HOU_2238 DMT superfamily 
drug/metabolite transporter 
-1.35 3.37E-03 
 USA300HOU_2523 transcriptional regulator -1.49 1.01E-02 
 USA300HOU_0330 PfoR family transcriptional 
regulator 
-1.51 1.02E-05 

















 USA300HOU_0685 inorganic phosphate 
transporter 
-1.52 5.87E-03 
 USA300HOU_2040 ammonium transporter -1.28 2.49E-02 








 USA300HOU_2266 iron (Fe+3) ABC 
transporter binding protein 
-1.19 9.26E-03 












 USA300HOU_0126 iron (Fe3+) ABC 
transporter binding protein 
-1.09 2.96E-02 
 USA300HOU_2169 iron (Fe3+) ABC 
transporter binding protein 
-1.09 9.26E-03 












 USA300HOU_0152 ABC transporter ATP-
binding protein 
-1.01 2.64E-02 




 USA300HOU_2213 cobalt transporter ATP-
binding subunit 
-0.85 4.61E-02 






USA300HOU_1141 carbamoyl phosphate 
synthase large subunit 
-2.52 1.32E-05 
 USA300HOU_1009 5-(carboxyamino)imidazole 
ribonucleotide mutase 
-2.04 3.17E-07 
 USA300HOU_2126 deoxyribose-phosphate 
aldolase 
-1.98 2.39E-09 
 USA300HOU_0150 deoxyribose-phosphate 
aldolase 
-1.69 4.81E-06 





 USA300HOU_0413 IMP dehydrogenase -1.50 2.61E-03 
 USA300HOU_2115 CTP synthetase -1.17 4.41E-02 
 USA300HOU_0017 adenylosuccinate 
synthetase 
-1.16 4.18E-02 
 USA300HOU_2125 pyrimidine-nucleoside 
phosphorylase 
-1.07 4.77E-03 
 USA300HOU_0504 hypoxanthine 
phosphoribosyltransferase 
-1.02 3.56E-02 
 USA300HOU_0665 CNT family concentrative 
nucleoside transporter 
-0.95 1.20E-02 







USA300HOU_0389 30S ribosomal protein S18 -1.96 1.82E-05 
 USA300HOU_0532 50S ribosomal protein L1 -1.70 3.44E-03 
 USA300HOU_1203 pseudouridylate synthase -1.60 3.07E-03 
 USA300HOU_0533 50S ribosomal protein L10 -1.45 3.32E-03 
 USA300HOU_1644 50S ribosomal protein L27 -1.41 1.85E-02 
 USA300HOU_1553 50S ribosomal protein L33 -1.34 1.97E-02 
 USA300HOU_1645 hypothetical protein -1.34 2.23E-02 
 USA300HOU_2224 30S ribosomal protein S5 -1.30 3.15E-03 
 USA300HOU_0521 glutamyl-tRNA synthetase -1.21 3.35E-02 
 USA300HOU_2216 30S ribosomal protein S11 -1.19 2.27E-02 
 USA300HOU_2208 30S ribosomal protein S9 -1.18 1.96E-02 
 USA300HOU_2108 50S ribosomal protein L31 
type B 
-1.15 2.08E-02 
 USA300HOU_0534 50S ribosomal protein 
L7/L12 
-1.14 2.73E-02 
 USA300HOU_1646 50S ribosomal protein L21 -1.13 4.88E-02 
 USA300HOU_0541 elongation factor Tu -1.07 8.04E-03 
 USA300HOU_1638 queuine tRNA-
ribosyltransferase 
-1.01 4.06E-02 
aGenes with decreased expression following exposure to vancomycin compared with sample without 
exposure are listed with an adj. p-value <0.05.  IMG role categories with over- and underrepresentation 
based on odds ratios are listed. 
bLocus tag identification is based upon MRSA TCH1516 
cAnnotation was based on IMG role category gene annotation listings. 
 
 
3.3.8 Seven IMG Functional Role Categories Were Over- or Underrepresented 
following Vancomycin Exposure 
The upregulated genes following exposure to vancomycin were categorized into IMG 
role categories, of which 1 was overrepresented and 1 was underrepresented.  The signal 
transduction mechanisms category was overrepresented (OR=2.93).  Of this category, 
genes of interest include a large part of the accessory gene regulator operon (agrABC), a 
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regulator for sigB activity (rsbV), and universal stress protein encoding genes 
(USA300HOU_0072). The carbohydrate transport and metabolism category was 
underrepresented (OR=0.21).  
Table 3.12 IMG role categories over- or underrepresented for genes upregulated during 
vancomycin exposure 














140 2 0.21 0.0179 
aIMG role categories for MRSA TCH1516 
bNumber of genes upregulated during vancomycin exposure within the selected role category 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially expressed genes and 
the total within each category. A p-value <0.05 was the cut-off for significance. 
 
Five role categories are overrepresented by the downregulated genes following 
exposure to vancomycin.  The translation, ribosomal structure and biogenesis category 
was overrepresented (OR=3.03) and mostly consisted of 30S and 50S ribosomal protein 
encoding genes with independent loci.  The cell cycle control, cell division, and 
chromosome partitioning (OR=51.7), nucleotide transport and metabolism (OR=4.41), 
inorganic ion transport and metabolism (OR=3.07) and carbohydrate transport and 
metabolism (OR=2.37) categories were overrepresented.  These groups consisted 
predominantly of symporters, transporters, transferases, and synthases.  The 
downregulation of the metabolic functions of major macromolecules, ions and nucleic 









Table 3.13 IMG role categories over- or underrepresented for genes downregulated 
during vancomycin exposure 













21 15 51.7 <0.0001 
Nucleotide transport 
and metabolism 












140 15 2.37 0.0021 
aIMG role categories for MRSA TCH1516 
bNumber of genes downregulated during vancomycin exposure within the selected role category 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially expressed genes and 
the total within each category. A p-value <0.05 was the cut-off for significance. 
 
 
3.4 Discussion   
In this study, the transcriptomic activity of a CA-MRSA strain, SF8300, was 
assessed by RNA-Seq between (i) stationary and log phase, (ii) log phase cells with and 
without tetracycline exposure, and (iii) log phase cells with and without vancomycin 
exposure.  The genes exhibiting differential expression were grouped by functionality.  
RNA-Seq has been used previously to assess the transcriptome of MRSA under various 
conditions.  Howden et al. investigated the application of antibiotics vancomycin, 
linezolid, ceftobirpole and tigecycline (Howden et al. 2013).  However, the antibiotic 
application was for 15 min, prolonged effects of antibiotics (1 hour compared with 
minutes) have not been elucidated until now.  The time of 1 hr would include several 
rounds of cell replication in non-stressed cells while 15 min would include partially one. 
The effects of antimicrobials ursolic acid and resveratrol on biofilm formation and 
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quorum sensing (Qin et al. 2014) and rhodomyrtone (Sianglum et al. 2013) on growth 
have been assessed.  Genes encoding for amino acid production, other metabolic 
functions and transport proteins were observed to be differentially expressed to these 
antimicrobials (Qin et al. 2014; Sianglum et al. 2013).  The transcription of genes 
responsible for competence in MRSA, an ability of interest for acquisition of mobile 
genetic elements, was defined also (Fagerlund et al. 2014).  The transcriptomes of a 
competent lab strain, S. aureus RN4220, and two other MRSA strains were compared 
using RNA-Seq.  The differences in SNPs in the same loci between strains were taken 
into account for differences in transcription leading to the identification of a CRISPR 
element (Osmundson et al. 2013).   Studies have looked specifically at defining the 
orientation and expression of sRNAs, specifically during early log phase and late 
stationary phases (Beaume et al. 2011; Bohn et al. 2010).  The study presented here used 
three separate statistical packages to define differential expression, which were compared 
to each other for appropriateness.   In addition, the genomic sequencing of MRSA 
SF8300 was performed with partial closure.  RNA-Seq raw reads were used to close 
scaffold gaps. 
 
3.4.1 Multiple Statistical Packages Should Be Considered when Analyzing RNA-Seq 
Data 
A consensus regarding sample preparation, sequencing platforms and transcript 
management is being reached by researchers.  The assembly of transcripts and mapping 
to a reference genome or de nova allow for the measurement of RNA molecules and the 
gleaning of coordinate specific activity (Martin & Wang 2011).  The statistical analysis 
for differential gene expression is still under development and is sample and experimental 
design dependent.  Analysis should take into account the whole dataset while keeping in 
mind power, sample size, false discovery rates, and possible outliers (Zhou et al. 2014; 
Ching et al. 2014).  Multiple analysis packages should be used and the choice of package 
is dictated by the experimental design (Zhou et al. 2014; Ching et al. 2014; 
Seyednasrollah et al. 2013).  Three independent statistical analysis packages were 
compared to identify differential expression.  A large degree of the genes that were 
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identified as differentially expressed by one package but none of the rest were 
predominantly hypothetical proteins.  Some major groups of regulatory genes were 
identified by two of the three packages.  During the growth phase comparison, activity 
was identified for sigma factors (rpoD and sigB) from DESeq2 and Voom and the 
accessory gene regulator operon (agrABCD) from EdgeR and Voom.   
Statistical analysis package comparisons for RNA-Seq data have been performed.  
Data sets used in such comparisons range from simulated data (Kvam et al. 2012; 
Soneson & Delorenzi 2013) to previously published read data (Nookaew et al. 2012).  
The three packages employed here started with gene count matrices, mapped to predicted 
genes on the previously assembled scaffolds. EdgeR has been identified as practical for a 
small number of replicates (2-3 samples), but is not as stringent as Voom or DESeq2.  In 
addition, EdgeR becomes more liberal as outliers are introduced (Seyednasrollah et al. 
2013).  The Voom package requires a higher level of replicates for functionality as 
accuracy increases with replicate number (at least > 3).  Accuracy increases with 
increasing outlier numbers within conditions, while the dispersion between conditions 
lower the accuracy of Voom (Soneson & Delorenzi et al. 2013).  DESeq2 tends to be 
conservative despite the number of replicates, having consistent power for discrimination.  
In addition, DESeq2 is the least effected with increasing quantities of genes identified as 
differentially expressed (Zhou et al. 2014).  In comparing DESeq, Voom and EdgeR, 
DESeq is more conservative over EdgeR as sample size increases and outliers are 
introduced and is more powerful than Voom at a sample size of 3 and less effected by 
outliers.  The improvements made in the package update of DESeq2 from DESeq are by 
introducing the Cook’s distance metric.  Cook’s distance metric works to increase the 
conservative approach by comparing amongst samples and respective gene counts and 
removing genes that may be overrepresented in one sample with higher counts.  DESeq2 
was chosen to move forward with differential gene and ncRNA expression with regards 
to functional role category distributions and categorizations due to the conservative 
nature and low false discovery rate.   
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3.4.2 WGS and Raw Read Sequence Data Provide Support for Genome Closure 
NGS technology has caused an influx of genomic sequence.  A more thorough 
understanding of foodborne pathogen genome diversity is being gleaned through the 
defining of the pan-genome.  The definition of the species specific pan-genome identifies 
the transmissibility of unique genetic elements and genomic variation that can be 
environmental stress driven (Kuenne et al. 2013; Deng et al. 2010).  Deng et al. used all 
L. monocytogenes genomic sequences to identify a total of 4,052 genes within the pan-
genome.  Epidemiologically defining common isolates of MRSA (Monecke et al. 2013) 
and cataloging genes responsible for antibiotic resistance (Gordon et al. 2014) provide 
insight into antibiotic interventions. Understanding evolutionary ancestry and 
independently acquired genetic elements allows for prediction of impending acquired 
resistances and enhanced strain proliferation.  The developed resistance to vancomycin, 
the silver bullet approach, is an instance where predicting resistance acquisition is 
imperative (Kos et al. 2012).  The acquisition of unique genetic elements and mutations 
make strain typing difficult but allow for an opportunity to better understand 
environmental reservoirs and points of harborage.  WGS provides characterization and 
more adequate strain differentiation during outbreaks over traditional typing methods 
(Lindsay 2014). 
The MRSA SF8300 genome sequence, after minimal sequencing on the Illumina 
MiSeq platform, is incomplete, assembled into 73 scaffolds from <1 million reads of 
250bp paired end reads on the MiSeq.  By applying and assembling the raw reads of 
mRNA and ncRNA from RNA-Seq, the number of assembled scaffolds of the MRSA 
SF8300 genome was decreased by 23.3%.  Adequate use of raw sequence reads is pivotal 
in adding to the growing accumulation of prokaryotic genome sequences.  Further work 
is needed to compare the SF8300 partial genome sequence to other MRSA genome 
sequences and mobile genetic element homogeneity. The management of sequence data 
in the field of bioinformatics is as important as the accumulation of the data itself. 
Specific to outbreak investigations, rapid and accurate bioinformatics analysis of 
sequence data is important in the workflow for source identification (Fricke & Rasko 
2014). The development of pipelines for sequence assemblies are becoming available, 
119 
 
allowing bench-top scientists a brief background and stepwise flow for working with 
their data (Edwards & Holt 2013).  The use of RNA-Seq raw reads to complement WGS 
can aid in increasing the amount of closed bacterial genomes.  
 
3.4.3 A Majority of all CDS in MRSA SF8300 Exhibited Differential Expression 
during Stationary Growth  
With regards to food microbiology and safety, the understanding of cellular 
activity during stationary phase provides insight into cell adaptability, tolerance and 
resistance.  The starvation and stress of stationary phase is a suitable model for 
environmental stressors along the food continuum (Rees et al. 1995).  A suitable 
comparison for identifying the activity during stationary phase stress is with log phase 
cells which lack nutrient limitation, exposure to cellular waste and high cell density 
overpopulation.  A total of 1692 genes were identified here as differentially expressed 
between log and stationary phases.  Of the total annotated 2,689 protein coding genes in 
the MRSA TCH1516 sequenced genome, 63% exhibited differential transcriptional 
activity.  Of this 63%, 32% of the genomic content had increased activity during 
stationary phase while 31% had decreased activity during stationary phase.  The 
disparities between the two growth conditions are represented through differences in 
functional groups of the genes up and downregulated during stationary phase.  The 
overrepresentation of categories involving lipid, carbohydrate and secondary metabolite 
metabolism and transport in stationary phase suggests a lack of these macromolecules in 
the environment.  Increased activity of transporter systems within these groups can 
suggest the cells are actively pursuing these compounds with high affinity cell wall 
components.  The alteration of cell wall structure during stationary phase was expected as 
a decrease in cell size and compacting of cell wall is more efficient, as has been observed 
for Escherichia coli (Ishiham 1995).  The increased activity of genes encoding for protein 
production (translational and ribosome machinery) and amino acid metabolism and 
transport could suggest high protein production and turnover under exponential growth 
during log phase.  A large number of genes for DNA repair during stationary phase was 
observed suggesting maintenance activity for cellular DNA.  During stationary phase 
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genes related to antibiotic resistance were upregulated including blaR (β-lactamase 
resistance), mecR1 (methicillin resistance regulatory protein), femA (methicillin 
resistance factor).  The stress applied to growing cells during stationary phase (lack of 
nutrients, cell waste, lowered media pH) may be inducing the activity of antibiotic 
resistance genes.  Knowledge of altered transcriptional activity of antibiotic resistance 
genes during stress may aid in understanding antibiotic resistance and strain persistence. 
 
3.4.4 Stationary Phase Conditions Induce a Response of Stress and Virulence 
Regulatory Network Activity 
Several key regulators were transcriptionally active during the stationary phase of 
MRSA. The gene codY exhibited increased expression during stationary phase.  The 
protein encoded by this gene works as a sensor for starvation conditions, regulating genes 
under energy restriction.  During stationary phase, nutrients in the broth environment 
become limited due to excessive bacterial growth.  CodY regulator activity has been 
observed to increase during early stationary phase due to limited intracellular GTP and 
amino acid level in Gram-positive bacteria, specifically in B. subtilis (Ratnayake-
Lecamwasam et al. 2001) and L. monocytogenes (Bennett et al. 2007).  The codY regulon 
has been mapped through microarray investigation, identifying 124 genes (Pohl et al. 
2009).  CodY activity has been observed in S. aureus to control virulence genes while 
adapting energy restrictions through intracellular metabolite limitations (Majerczyk et al. 
2010).  Of particular interest, this includes virulence genes hld (delta-hemolysin), the cap 
operon (capsular polysaccharide synthesis enzymes), coa (staphylocoagulase precursor) 
and katA (catalase). The accessory gene regulator operon (agrABCD), a quorum sensor 
based regulator for virulence genes is controlled by CodY (Novick 2003; Pohl et al. 
2009) and was upregulated during stationary phase based upon the EdgeR and Voom 
analysis but not the DESEq2.  Despite CodY being a negative regulator for agr, increased 
activity of CodY is observed in early stationary phase while mid to late stationary is 
represented here.  The increased expression of codY may be to modulate increased agr 
activity. Increased virulence capacity can be inferred during stationary phase as increased 
expression was observed for hld, coa, asp23 (alkaline shock protein), katA, and the 
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majority of the cap operon (cap5ABCFHPIMJO).  Similar to agr, DESeq2 only identified 
the cap operon for differential expression but EdgeR and Voom identified the rest.  This 
provides further support for the claims of multiple statistical analysis approaches for 
thorough RNA-Seq data analysis. 
The role of stress, initiated here during mid to late stationary phase as well as the quorum 
sensing provided through high cell density can be inferred as initiators for virulence gene 
activity. 
The genes encoding for the alternative sigma factor, σB, and the regulators for σB,  
sigB and rsbVW, respectively, were active.  Increased activity of the major alternative 
sigma factor has been observed in both Gram-negative and -positive bacteria.  
Specifically for gram-positive bacteria, σB controls the adaptive stress response in 
Bacillus subtilis, Listeria monocytogenes and S. aureus (van Schaik & Abee 2005) with 
strong homologies amongst operon genes (Wiedmann et al. 1998).  The increased activity 
of the σB operon provides insight into the stress conditions of stationary phase.  Although 
nutrient limitation is a concern during stationary phase, ATP limitation has been observed 
to have no effect on σB (Pané-Farré et al. 2006).  It can be suggested that other conditions 
such as cell waste, lowered broth pH and higher cell populations may contribute to the 
stress response.  The activity of σB is a concern as it is a regulator for not only harsh 
conditions of alkaline, heat, and osmotic (Pané-Farré et al. 2006) but plays a regulatory 
role in virulence (Ziebrandt et al. 2001; Ziebrandt et al. 2004).  Specifically, σB plays 
directly, positively regulates asp23 which was upregulated during stationary phase as 
well (Kullik et al. 1998).  Of particular concern to antibiotic resistance, σB has also been 
observed to promote resistance to β-lactam antibiotics by positively regulating genes 
encoding for cell wall components, increasing the integrity (Morikawa et al. 2001).  
Despite MRSA being resistant to β-lactam antibiotics already through other genetic 
elements means (i.e. SCCmec), it is pivotal to understand the response of S. aureus to 
antibiotics.  In doing so, a more clear image of the initial, adaptive and developed 




3.4.5 Tetracycline Caused Altered Activity of Genes Encoding for Ribosomal Subunits, 
Adapative Response and Decreased Protein Management  
Tetracycline targets the translational activity of bacterial cells.  Specifically, it 
works to prevent the association of tRNA with the ribosome (Schnappinger & Hillen 
1996).  In doing so, tetracycline has a bacteriostatic effect on cellular populations by 
inhibiting translational processes.  The management of tetracycline is through either (i) 
removal through the use of efflux pumps (Li et al. 1995) or (ii)  protecting ribosomal 
integrity (Burdett 1986).  A large number of genes, 34, encoding for the ribosomal 
subunits (30 and 50S) were upregulated in response to tetracycline.  The increased 
transcriptional activity for genes encoding for targeted cell machinery suggests that 
MRSA is trying to overcome the stress by producing more ribosome complexes.  In turn, 
genes within the role category for posttranslational modification, protein turnover and 
chaperones were downregulated.  This included decreased activity of genes encoding for 
chaperone proteins.  It is tempting to hypothesize that the targeting of the translational 
machinery would lead to a decrease in protein production and protein structure 
management.   
The reaction of MRSA to tetracycline observed here goes beyond the predicted 
increased production of ribosomal subunits.  An increased expression of several genes 
encoding active transport and competence was observed.  A developed response to 
tetracycline has been the export or active removal from the cell.  Increased expression 
was observed for translocase (secG, yajC) and secretary peptidaes (USA300HOU_0923, 
USA300HOU_0924).  SecDF-YajC and SecG have been observed to play a synergistic 
role in facilitating extracellular transport through SecA insertion in the membrane (Kato 
et al. 2003).  The limitation of secDF has been shown to increased susceptibility to β-
lactam and glycopeptide antibiotics by what is theorized to be the restriction of a non-
specific export system (Quiblier et al. 2011).  An additional hypothesis made by Quiblier 
et al. involves the lack of SecA establishment resulting in cell wall disorganization and an 
incorrect localization of cell division components, allowing for increased sensitivity.  
Regardless of the effects of lacking the SecDF-YajC and SecG components, the increased 
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transcription of the responsible genes may be providing cross-resistance to additional 
antibiotic classes while under tetracycline stress. 
Increased expression of competence genes (comGB, comGC) could be theorized 
to relate to extrachromosomal acquisition of environmentally available DNA, resulting in 
resistance acquisition.  ComGB and ComGC are a polytopic membrane protein and 
pseudopillin, respectively (Chen & Dubnau 2004; Claverys & Martin 2003). Such 
machinery for competency could indicate possible transformation.  
 
3.4.6 Expression of Encoded Metabolic Processes Is Decreased following Tetracycline 
Exposure 
The categorization of the differentially expressed genes into role categories 
provided insight into the bacteriostatic effects of tetracycline.  The transcriptional data 
provided initial insight into diminished metabolic functions and cell replication.  An 
underrepresentation for the upregulated genes under tetracycline exposure included the 
categories (i) Carbohydrate transport and metabolism, (ii) Coenzyme transport and 
metabolism, and (iii) Nucleotide transport and metabolism and an overrepresentation for 
the downregulated genes under tetracycline exposure included the categories (i) 
Carbohydrate transport and metabolism, (ii) Coenzyme transport and metabolism, (iii) 
Lipid transport and metabolism, (iv) Nucleotide transport and metabolism.  The altered 
activity due to tetracycline application included the groups responsible for transport and 
metabolism of cellular building blocks, from macromolecules (i.e. carbohydrate, lipids) 
down to nucleotides.  In addition to this, the Energy production and conversion and Cell 
wall, membrane and envelope biogenesis categories were overly active without 
tetracycline.  The lack of transporting and metabolic function, energy production and cell 
wall production suggests that cell activity is repressed.   
 
3.4.7 Stress Response and Virulence Regulons Are Induced by Vancomycin 
The mechanism of vancomycin is the limitation of cell membrane formation.  
Peptidoglycan layer formation is blocked by preventing transglycosylation and cross-
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linking (Nagarajan 1991).  A threshold has been observed where low concentrations of 
vancomycin have a bacteriostatic effect while higher concentrations can be bacteriocidal 
through membrane puncturing (Jones 2006).  The concentration and application time of 
vancomycin resulted in a bacteriostatic effect, observed by cell enumeration.  The 
transcriptional response of MRSA revealed a decrease in genes responsible for metabolic 
and transport functions (carbohydrate, inorganic ions, nucleotide) through 
overrepresentation in the downregulated genes.  In tandem with this, decreased 
expression of cell replication, division and chromosome partitioning would suggest a 
bacteriostatic response to the concentration of vancomycin applied.  Despite stalled cell 
replication, an increase in virulence and stress response activity was observed.  The σB 
regulon (rsvWV and sigB) exhibited increased expression as well as genes encoding for 
universal stress proteins (usp).  Additionally, increased acitivity of accessory gene 
regulator operon (agrABC), asp23, cat.  The increased expression of the major stress 
response regulon and the tandem activity of virulence activity suggests MRSA is 
responding to vancomycin as a stress, possibly priming it for cross-resistance and host 
infection.  Activity of σB in response to vancomycin has been observed in L. 
monocytogenes, a gram-positive bacteria with similar operon homology.  Virulence genes 
in L. monocytogenes were also active under vancoymycin pressure (Shin et al. 2010).  
Differential expression for genes responsible for cell wall integrity, formation and 
transporter proteins were not overly represented.  The targeting of vancomycin for the 
inhibition of peptidoglycan formation would suggest the response to vancomycin would 
be similar to other glycopeptides (e.g. daptomycin) (Muthaiyan et al. 2008) and β-lactams 
which target receptors in the cell wall (Utaida et al. 2003).  It can be hypothesized that 
this may be due to the prolonged exposure time to vancomycin of one hour, presented 
here.  Although the limitation of cell replication genes was observed, the effects on cell 
wall integrity and thickness through transcriptional means may have occurred earlier, 




3.5 Conclusion  
The transcriptional state of a prevalent pathogen, MRSA, during growth phases 
(log and stationary) as well as during prolonged antibiotic stress is defined here.  The 
antibiotics chosen were based upon the fact that vancomycin is the ‘last resort’ for MRSA 
infections while tetracycline is a popular choice for treatment. The data presented here 
involves the utilization of WGS and the increasingly popular transcriptomic technique, 
RNA-Seq.  WGS provided a partially closed genomic sequence of a MRSA strain not 
previously investigated along with the prediction of novel sRNAs.  The expression of 
mRNA and sRNA transcripts were defined by RNA-Seq under several conditions not 
previously tested.  The increased exposure time for antibiotics and the use of a CA-
MRSA strain with a functional agr regulon provides novel information to the growing 
RNA-Seq data for MRSA.  The transcriptional activity of MRSA under growth 
conditions and sublethal concentrations of antibiotics included stress response regulons, 
cellular physiology, metabolic activities and translational machinery. The transcriptional 
units employed by MRSA to resist antibiotics and other stressors may act as targets for 


















Resistance to antibiotics has been increasing since the 1940s when such agents 
were first introduced (Chambers 2001).  In the United States, 2 million cases of illness 
related to bacteria exhibiting antibiotic resistance occur annually, resulting in 23,000 
deaths (Centers for Disease Control and Prevention, 2013).  Of the 2 million cases, 
80,461 are MRSA infections which result in 11,285 deaths annually.  The high mortality 
rate in MRSA patients (14%) makes infections a very serious concern.  The development 
and acquisition of unique genetic elements conferring resistance has led to the alteration 
of environmental flora towards hardier strains and the spread of MRSA from hospitals to 
communities (Levy 2002).  Preventing MRSA persistence and resistance to stress 
throughout the food and hospital continuums is necessary to protect public health.  
The alternative sigma factor, σB, acts as the general stress regulator and is present 
in many Gram-positive bacteria, including Bacillus subtilis, Listeria monocytogenes, and 
S. aureus.  The application of stressors leads to the induction of genes regulated by σB 
(reviewed by Hecker et al. 2007).  The genes within the σB operon share homology in 
these Gram-positive bacteria (Figure 4.1).  However, the σB operon in S. aureus is more 
compact, consisting only of rsbU-rsbV-rsbW-rpoF, lacking several of the upstream genes 
(i.e. rsbRST) found in L. monocytogenes and B. subtilis.  Wiedmann et al. 1998 
performed a comparison of σB operons prior to the influx of WGS and NGS and 
increased gene sequence elucidation.  RsbW works as the ‘anti-sigma’ factor protein 
which preferentially binds to σB over the core polymerase (Miyazaki et al. 1999). RsbV 
works as the ‘anti-anti-sigma’ factor protein and controls the RsbW-SigB complex.  
When RsbV is dephosphorylated, it outcompetes σB and preferentially binds to RsbW, 
allowing σB to complex with the rest of the RNA holoenzyme.  When RsbV is 
phosphorylated, it lays dormant (Palma & Cheung 2001). RsbU works as the phosphatase 
which changes the phosphorylation state of RsbV based upon certain environmental 
stressors (Palma & Cheung 2001).  σB (encoded by rpoF) is the sigma factor itself used 




Figure 4.1 Comparison of σB operon structure and gene homologies.   
The operon structures were defined using the Biocyc.org program (http://biocyc.org/).   
B. subtilis 168 and L. monocytogenes EGD-e operons were compared with S. aureus 
FPR3757. Individual gene homologies were compared using NCBI BLAST 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) and represented in percent identity.  The 
nucleotide length of each gene is labelled. 
 
The σB regulon has been mapped in S. aureus, exhibiting responsibilities as the 
alternative sigma factor for stress response.  Phenotypically, σB is responsible for 
hydrogen peroxide tolerance, cell aggregation, and resistance to sedimentation, and 
pigmentation (Kullik et al. 1998).  It is also responsible for microcolony formation within 
biofilms (Bateman et al. 2001) and production of the biofilm itself (Rachid et al. 2000).  
The application of certain antibiotics also leads to the induction of σB.  Vancomycin, the 
last resort for treating MRSA infections, ampicillin, and sulfamethoxazole induce the 
stress response regulon in vancomycin-resistant S. aureus (Chen et al. 2011).  The 
response of S. aureus to cell wall targeting antibiotics (β-lactams) includes the thickening 
and alteration of cell wall structure, which is in part regulated by σB (Morikawa et al. 
2001).  σB also negatively regulates the virulence regulators agr (accessory gene 
regulator) and sar (Staphylococcal accessory regulator A) (Bischoff et al. 2001).  σB 
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activity increased during internalization and proliferation in host cells (Pfӧrtner et al. 
2014) and is hypothesized to play a role in virulence, explored in a model system (Lorenz 
et al. 2008).   
The rapid development of antibiotic resistance in bacteria is vastly outmatching 
the development of new antibiotics (Spellberg & Shlaes 2014).  With concerns to public 
health, reacting to the antibiotic resistance phenomena can be approached in several ways 
including (i) increased public education on antibiotics, (ii) proper use and prescription of 
antibiotics, and (iii) the development of new antibiotics (Bush et al. 2011).  The need for 
new antibiotics is driving research toward new avenues for discovery and development.  
Methods to grow previously ‘unculturable’ bacteria are being developed and have led to 
the discovery of effective new antibiotics (Lewis 2013; Ling et al. 2015).  The 
development of antibiotics and other antibacterial agents includes identifying novel 
modes of action and cellular targets.  Genes in essential pathways and cellular processes 
are such a target.  The considerations in identifying target genes are the conserved nature 
across bacterial genera and single-copy occurrences (Payne et al. 2007).  An agent that 
targets and inhibits the σB regulon in L. monocytogenes has been identified through the 
screening of small-molecule libraries.  Fluoro-phenyl-styrene-sulfonamide (FPSS), was 
identified as the most effective by this library screening for inhibiting the transcription of 
σB-regulated genes. The application of FPSS on L. monocytogenes resulted in the 
downregulation of 208 genes, 75% of which have been identified as σB-dependent and 
include virulence and stress response genes.  Phenotypically, FPSS application resulted in 
decreased invasion of Caco-2 epithelial cells (Palmer et al. 2011).  FPSS has also been 
applied to B. subtilis also. Decreased activity of σB was observed under NaCl application, 
growth at low temperatures (16°C) and during starvation (Ringus et al. 2013; Palmer et 
al. 2011).  The efficacy of FPSS and the conserved nature of the core σB operon allow for 
its application to multiple Gram-positive bacteria, leading to lowered stress tolerances. 
This study aimed to observe the effects of FPSS on the MRSA σB regulon.  The 
transcriptional response of a typical PFGE profile USA300 MRSA strain, JE2, with and 
without FPSS application was compared along with an isogenic rpoF::TnT mutant.  We 
hypothesized that FPSS will cause inactivity of the majority of genes regulated by σB.  In 
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order to test this hypothesis, global transcriptome analysis was performed using RNA-
Seq to map the global transcriptome, comparing the wildtype MRSA strain with and 
without FPSS as well as rpoF::TnT strain. In addition to this, a more complete 
understanding of the stress response and the σB regulon of MRSA was attained.  RNA-
Seq allows for elucidation of not only the differentially expressed protein coding 
sequences (CDS) but also the regulatory RNAs (sRNA and ncRNA) providing increased 
knowledge depth of the regulatory network, σB.   
 
4.2 Materials and Methods 
4.2.1 Bacterial Strain and Culture Conditions 
MRSA JE2 (Fey et al. 2013) is closely homologous (11 single nucleotide 
polymorphism [SNP] difference) to MRSA FPR3757, a previously sequenced 
community-acquired USA300 strain (Diep et al. 2006).  MRSA FPR3757 has been used 
as a control for identifying gene presence and homologies of antibiotic resistance cassette 
and virulence genes (Barbier et al. 2010; Highlander et al. 2007).  MRSA JE2 (Fey et al. 
2013) is an isogenic strain of clinical strain MRSA LAC (Voyich et al. 2005) but is cured 
of all plasmids.  Stock cultures of bacterial strains were stored in Tryptic Soy Broth 
(TSB) (BD, Franklin Lakes, New Jersey) with 25% glycerol at -80°C.  Prior to each 
experiment, isolated colonies were selected from stock cultures streaked onto TSA.  
Cultures were prepared in 5mL sterile TSB (16x125mm tubes), and incubated overnight 











Table 4.1 Bacterial strains and plasmids used in this study 
Bacterial 
strains 
Relevant characteristics Source/reference 
JE2 Parent strain used for NARSA transposable 
element library (NTML) 
Fey et al. 2013 
FPR3757 Common USA300 clinical strain homologous to 
strain JE2 
Diep et al. 2006 
NE1109 MRSA strain JE2 with rpoF::Tn insertion Fey et al. 2013 
RN451 Lysogenic RN450 strain carrying ɸ11 Selva et al. 2009 
NE3002 MRSA strain RN4220 with pTnT.  NE3002 
acted as the donor strain for pTnT transduction. 
Bose et al. 2013 
JE2 rpoF::TnT MRSA NE1109 strain with shortened Tn This study 
ɸ11  Thompson & 
Pattee 1977 
pTnT pJB38 with portions homologous to bursa 
aurealis Tn elements for markerless exchange 
Bose et al. 2013 
 
4.2.2 Mutant Generation 
The Nebraska Transposon Mutant Library (NTML) was created from MRSA JE2 
and was used for the identification of gene necessity and functionality by mariner-based 
transposase integration for each individual gene (Bae et al. 2004; Fey et al. 2013). The 
integration of a transposon within each individual gene, randomly, for individual isolates 
allows for the identification of gene necessity.  The interruption of each gene results in a 
3.2 kb transposon (Tn) insertion, carrying ermB (resulting in erythromycin resistance for 
selection).  In order to develop a nonpolar mutant, the removal of the Tn element 
resulting in a non-functional rpoF gene was targeted through the replacement of the full 
Tn with a truncated transposon.  Strain NE1109 with Tn insertion in rpoF (which 
encodes for σB) was used for Tn substitution.  Phage transduction with plasmid pTnT was 
performed (Bose et al. 2013).  pTnT carries chloramphenicol (cat) resistance for 
selection. Phage ɸ11 was used for transduction with induction performed with strain 
RN451 (lysogenic RN450 strain with ɸ11).  NE3002 (strain RN4220 with pTnT) was the 
donor strain for pTnT transduction.  Strain NE1109 was the recipient strain for the phage 
carrying pTnT.  Calcium chloride (10mg/mL) was used for phage transfection.  
Chloramphenicol resistance identified successful transduction of NE1109 with RN4220 
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carrying pTnT and ɸ11.  Following successful transduction, allelic exchange was 
performed with pTnT and host strain NE1109.  Integration was forced through the 
application of elevated temperatures (44°C) and chloramphenicol (10μg/mL).  Colonies 
of NE1109ɸ11pTnT present on TSA with chloramphenicol after O/N incubation were 
transferred to fresh TSA with chloramphenicol for O/N incubation at 44°C.  Isolated 
colonies were selected for incubation in 3mL TSB for O/N incubation at 30°C, 200rpm.  
Cultures were transferred into fresh 3mL TSB for 3 successive days.  Following 
subculturing, O/N culture was diluted in phosphate buffered saline (PBS) and plated onto 
TSA with 100ng/μL anhydrotetracycline and incubated at 30°C O/N.  Isolated colonies 
were selected for replica plating on TSA, TSA with erythromycin (5μg/mL) or TSA with 
chloramphenicol (10μg/mL).  Sensitivity to erythromycin and chloramphenicol suggested 
allelic exchange and production of strain MRSA JE2 rpoF::TnT. Polymerase chain 
reaction (PCR) using GoTaq® green master mix (Promega, Madison, WI) was used for 
confirmation of allelic exchange.  Regions upstream of the Tn insertion and one of the Tn 
elements were targeted for amplification using primer rpoF Forward and JETN15 (Table 
4.2).  The integration of the bursa aurealis and subsequent markerless exchange with TnT 
is represented in Figure 4.2.  
Table 4.2 Oligonucleotides used in this study 
Oligonucleotide Sequence (5’ – 3’) Source 
rpoF Forward CAGCTAATGAAATTTCACCTGAGCA This study 
JETN15 TTAGCCTGCCATGATGTATACATTGTGTGAG Bose et al. 
2013 
asp23-For CGACAATCAAACTGGTGTTAACGA This study 
asp23-Rev GAGGCTCCTGATTTTGTTCTTGTT This study 
asp23-probe AAGAGAAGAGCGTCAAAA This study 
rpoB-For GCGCACATGGTTGATGATAAATT This study 
rpoB-Rev CGCCAAGTGGTTGTTGTGTAA This study 
rpoB-probe TGCGCGTTCAACAGGACCATATTCACa This study 






Figure 4.2 Stepwise representation of rpoF::TnT mutant creation using the NTML library 
and pTnT TN markerless exchange.  
(a)The length of rpoF which encode for σB is 771 nucleotides with the insertion occurring 
143 nucleotide from the start of CDS.  The insertion site of the bursa aurealis Tn into 
rpoF is located by the red triangle. (b)The contents of the bursa aurealis Tn (3.7kb) and 
its features are shown. Marker genes encoding for green fluorescent protein (gfp) and 
erythromycin-resistance (ermB) and the origin of replication (oriV) are represented.  
(c)The exchange of the Tn for a shorter, markerless integron (TnT) was performed to 
create the rpoF::TnT mutant The TnT includes the inverted repeats (IR) and the 525bp of 
both the 5’ and 3’ ends of the Tn.   
 
4.2.3 Small Molecule Preparation 
The effect of the small molecule compound N-(4-fluorophenyl)-2-phenylethene-
1-sulfonamide (FPSS) on the S. aureus σB regulon was investigated.  FPSS was custom 
ordered from Enamine (Monmouth Jct, NJ).  Working stocks were suspended in dimethyl 
sulfoxide (DMSO) and filter sterilized through a 0.2um nylon membrane filter. 
4.2.4 NaCl Minimum Inhibitory Concentration (MIC) 
MIC testing was used to identify the tolerance of MRSA under osmotic stress 
(NaCl).  Several conditions were tested.  The tolerance of wildtype strain JE2, the 
NE1109, and JE2 rpoF::TnT were tested with and without the presence of FPSS (64μM).  
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A concentration of 64μM was effective in L. monocytogenes and B. subtilis (Palmer et al. 
2011; Ringus et al. 2013). Assays were performed in 96-well microtiter plates.  O/N 
cultures of all strains were grown in TSB at 37°C, 200rpm.  Each well contained total 
volume of 200μL TSB with NaCl concentrations ranging from 0.84% to 30%.  A total of 
2μL of O/N culture was transferred to each well, for an inoculum rate of 1:100.  All 
plates were wrapped with parafilm to reduce media evaporation and incubated for 24hrs 
at 37°C.  The optical density (OD600) of the microtiter plates was measured to define 
MICs.  MICs were performed in triplicate for each strain and condition.  Statistical 
analysis was performed using SAS v 9.4 (SAS Institute, Inc., Cary, NC) with a multiple 
comparisons procedure.  The analysis of variance (ANOVA) with Tukey pairwise 
comparison was applied.  Significance was defined between all samples by a p-value 
<0.05. 
 
4.2.5 RNA Extraction 
O/N cultures of MRSA JE2 and JE2 rpoF::TnT were grown as previously 
described.  A volume of 5 mL sterile, pre-heated TSB was inoculated with O/N culture 
(1:100 inoculum) and grown to early log phase (OD600=0.4) at 37°C, 200rpm.  Once early 
log phase was reached, 50mL of sterile, pre-heated TSB in a 300mL Nephelo flask 
(Bellco, Vineland, NJ) was inoculated with log phase culture (1:100 inoculum) and 
incubated at 37°C, 200rpm until early log phase was reached.   
Early log phase cultures were exposed to either 70μL of various FPSS 
concentrations (8, 32, or 64μM) or DMSO as a control for 15 min at 37°C, 200rpm.  
Following FPSS incubation, preheated, sterile TSB + 36% NaCl was added to the 
cultures to reach 10% NaCl.  Sterile TSB was added to control samples.  After 15 min of 
10% NaCl exposure at 37°C, 200rpm, RNA was extracted. Following incubation, 
cultures were immediately mixed with ice cold stop solution of 10% acid-phenol 
chloroform (Life technologies, Grand Island, NY):ethanol (1:10 ratio).  Sample cultures 
were collected through centrifugation for further processing (15,300 X g, 20min, 4°C).  
Cell pellets were re-suspended in 1mL TRI Reagent ® (Life Technologies, Grand Island, 
NY).  Cells were lysed by bead beating for 5 cycle at 30 s in the FastPrep, FP120, speed 
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setting 4 (BIO101/Savant, Santa Ana, CA).  Samples were then centrifuged (1,700 x g, 
10 min, 4°C) with the supernatant incubated to 0.1mL 1-bromo-3-chloropropane at room 
temperature for 10 min. Samples were incubated overnight at -20°C in isopropanol for 
sample purification.  Further processing, including DNA removal, was performed as 
described (Raengpradub et al. 2008).  RNA sample quantity and quality was measured on 
the Nanodrop 2000c (ThermoScientific, Wilmington, DE) and the 2100 Bioanalyzer 
system (Agilent, Foster City, CA), respectively.  All sample preparation and extraction 
was performed in triplicate.  Conditions for transcriptomic analysis included (i) JE2 with 
no NaCl and no FPSS application, (ii) JE2 with NaCl but no FPSS application, (iii) JE2 
with NaCl and various FPSS concentration applications, and (iv) JE2 rpoF::TnT with 
NaCl but no FPSS application.   
 
4.2.6 Quantitative Reverse Transcriptase PCR (qRT-PCR) 
TaqMan qPCR was used to measure the effects of FPSS on the transcription of a 
known σB regulated gene (asp23).  TaqMan primers (IDT DNA, Coralville, IA) and 
probes (Applied Biosystems, Foster City, CA) were designed using the MRSA FPR3757 
asp23 and rpoB sequences (Table 4.2).  qRT-PCR was performed as described previously 
(Sue et al. 2004) using the StepOnePlus real-time PCR system (Applied Biosystems, 
Foster City, CA).  TaqMan One-Step RT-PCR Master Mix reagent and Multiscribe RT 
were used for single-tube reverse transcription and amplification.  The omission of 
reverse transcriptase for each sample replicate and primer and probe set acted as negative 
control samples.  All samples and replicates were subject to qRT-PCR in duplicate.  A 
standard curve was generated based on genomic DNA copy numbers (102, 105, 107).  
Log-transformed (log10) values of mRNA expression values for asp23 were normalized 
against the expression levels of rpoB, a housekeeping gene.  Statistical analysis was 
performed using SAS v 9.4 (SAS Institute, Inc., Cary, NC) with a multiple comparisons 
procedure.  The analysis of variance (ANOVA) with Duncan correction was applied.  




4.2.7 Library Preparation, Illumina RNA-Sequencing and Analysis 
A concentration of 2.5μg quality total RNA was processed for RNA-Seq libraries 
using the Epicentre ScriptSeqTM complete kit (Bacteria) (Epicentre Biotechnologies, 
Madison, WI); the ScriptSeq kit includes removal of rRNA.  Modifications to the 
procedure include the use of (i) ethanol precipitation for the precipitation RNA following 
rRNA depletion and (ii) Agencourt® AMPure® XP bead mix (Beckman Coulter, 
Beverly, MA) following terminal tagging and library amplification PCR steps.  
ScriptSeqTM Index PCR primers were used for barcoding each individual sample set 
(Epicentre Biotechnologies, Madison, WI).  Following preparation, all libraries were 
suspended in nuclease-free H2O and stored at -80°C until further processing. Prepared 
libraries were assessed on the 2100 Bioanalyzer system for quality, quantity and fragment 
size verification.     
Table 4.3 RNA-Seq read characteristics 





JE2-1 76,636,791 91.1 1.1 
JE2-2 69,837,932 93.4 0.2 
JE2-3 69,427,031 94.3 0.2 
JE2 + NaCl-1 67,012,565 92.8 0.2 
JE2 + NaCl-2 70,349,949 92.5 0.2 
JE2 + NaCl-3 62,881,734 93.4 0.2 
JE2 + NaCl + FPSS-1 66,886,682 92.8 0.2 
JE2 + NaCl + FPSS-2 76,615,035 93.1 0.2 
JE2 + NaCl + FPSS-3 66,856,004 93.4 0.3 
JE2 rpoF::TnT + NaCl-1 66,652,039 91.4 0.3 
JE2 rpoF::TnT + NaCl-2 66,283,529 88.6 0.4 
JE2 rpoF::TnT + NaCl-3 69,670,192 87.5 0.4 
aNumber of reads following quality trimming 
bReads were mapped to the MRSA FPR3757 genomic sequence; accession number NC_007793.1 
 
Sample libraries were sequenced on the Illumina HiSeq 2500 platform (Illumina, 
San Diego, CA) at the Purdue University Genomics Core.  Each sample was sequenced 
with at least 60 million reads, paired-end, 100bp per reads (Table 4.3).  Sequence read 
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quality was assessed and quality trimmed using FastQC (v 0.11.2) and FASTX toolkit (v 
0.0.13.2), respectively.  Phred33 scores of at least 30 and a minimum of 50 bases, after 
trimming, were used for read quality cutoffs.  Processed quality reads were mapped to the 
FRP3757 annotated genome using Tophat (v 2.0.11).  Raw read counts for each gene 
were generated for all samples from the Tophat output and FPR3757 scaffold gene 
annotations using HTSeq (v. 0.6.1).  Count matrices for each gene of each triplicate 
sample were merged using Perl (v. 5.20.1) for differential expression analysis. 
Differential gene expression was quantified between (i) rpoF::TnT mutant and 
wildtype, both during salt exposure, (ii) wildtype JE2 with and without salt exposure, (iii) 
JE2 wildtype, with and without FPSS exposure, both during salt exposure, and (iv) 
rpoF::TnT mutant and JE2 wildtype with FPSS, both during salt exposure.  Statistical 
analysis for differential gene expression was performed using the R Project (v. 3.1.1) and 
three separate packages, EdgeR (v 3.6.8), DESeq2 (v 1.4.5) and Voom function in limma 
(v 3.20.9).  The EdgeR package (Robinson et al. 2010) starts with count matrix values 
and library sizes.  Normalization factors were defined through the count matrices.  The 
dispersion of counts were then estimated.  Log fold change for pairwise gene comparison 
was tested through comparing calculated sample count data values through multiple 
hypothesis testing.  Similarly, DESeq2 (Love et al. 2014) defined differentially expressed 
genes with an estimate variance-mean test through negative binomial distribution testing. 
The Voom function (Smyth 2005) transforms count values by log2 with a mean-variance 
estimation.  The log2 values with a design matrix and contrast matrices were used to 
define linear model coefficients to be fitted by eBayes.  A FDR (false discovery rate), 
adjusted p-value or adj. p-value <0.05 was initially used to define differentially expressed 
genes from the EdgeR, Voom and DESeq2, respectively.  The DESeq2 program was 
ultimately used for the RNA-Seq analysis comparing MRSA JE2 and JE2 rpoF::TnT 
while the EdgeR program was used for all other finalized RNA-Seq differential 
expression definition.   
All differentially expressed genes were categorized into IMG role categories 
(https://img.jgi.doe.gov/cgi-bin/w/main.cgi) using the closely homologous strain MRSA 
FPR3757.  The representation of each of the 21 IMG role categories by differentially 
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expressed genes was assessed by the χ2 test (p-value <0.05).  Odd ratios (OR) were 
calculated to determine the degree of over or under-representation of role categories.   
 
4.3 Results and Discussion 
The alternative sigma factor, σB, plays a crucial role in regulating the stress 
response in S. aureus.  To date, the activity the σB regulon has not been defined further in 
the sub-class of S. aureus, MRSA, using RNA-Seq technology.  This study defines the σB 
regulatory network, specifically during osmotic stress.  The transcriptional activity of 
MRSA with a Tn interrupted rpoF was compared with the JE2 wildtype with a functional 
σB.  Osmotic stress was chosen based upon the traditional high salt and tolerance for dry 
conditions of S. aureus.  High NaCl concentrations have also been shown to induce σB.  
The data presented here used RNA-Seq for mapping the global transcriptome of the 
MRSA stressosome. 
 
4.3.1 Gene Regulation by σB Provides NaCl Tolerance  
The ability of S. aureus to resist high osmotic and dry conditions categorizes this 
pathogen as exceptional with tolerances of aw=0.86 or 3.5 M NaCl (Scott 1995; Graham 
& Wilkinson 1992).  Unlike typical halophilic bacteria, S. aureus does not require high 
salt conditions for growth but is equally viable at low osmotic conditions.  The role of a 
functional σB regulon on NaCl tolerance was assessed by MIC assay (Table 4.4). The JE2 
strain with intact rpoF exhibited a higher MIC for NaCl (13.8%) compared with JE2 
rpoF::TnT which had a lowered MIC, comparatively, at a NaCl concentration of (9.4%). 
The presence of a functional σB is necessary for optimal growth rates of S. aureus under 
increased NaCl concentrations (Chan et al. 1998). The interruption of rpoF with TnT 
resulted in lowered salt tolerance in MIC testing for increasing NaCl concentrations.   
The application of the small molecule compound, FPSS, lowered the NaCl tolerance of 
JE2 to 9.4%.  The application of FPSS lowered the salt tolerance of MRSA JE2 to the 





Table 4.4 Comparison of MRSA strain NaCl MICs  
Straina FPSS Exposureb MICcd 
JE2 0 13.8A 
JE2 64 9.4B 
JE2 rpoF::TnT 0 9.4B 
JE2 rpoF::TnT 64 9.4B 
aO/N cultures of strains were used to inoculate (1:100 ratio) each well with fresh TSB and 
a range of NaCl levels. MIC assay plates were incubated for 24hr at 37°C 
bApplied concentration of FPSS is presented in μM.  DMSO was added to control 
samples with 0 μM FPSS added. 
cNaCl tolerance was measured by MIC assay.  Sensitivity is presented as percent (%) 
NaCl. 
dTriplicate samples are analyzed and averaged, represented here.  The analysis of 
variance (ANOVA) with Tukey pairwise comparison was applied.  Significantly different 
MIC (p-value <0.05) are labeled with different letters. Values with the same letter label 
are not significantly different. 
 
4.3.2 Osmotic Stress Leads to the Differential Expression of 68 Genes 
The application of sublethal osmotic stress (10% NaCl) on early log-phase MRSA 
resulted in the differential expression of 68 genes (adj. p-value <0.05) in comparing the 
JE2 strain with and without salt exposure (Table 4.5).  A total of 31 genes and one 
ncRNA had increased expression following salt exposure (adj. p-value <0.05).  The 
virulence gene, asp23, an encoded glycine betaine transporter (sausa300_2145), a 
mannitol PTS (sausa300_2107, sausa300_2108) and a large number of reductase and 
oxidoreductase encoding genes were upregulated.  The ncRNA that increased in activity 
is a putative lysine riboswitch, which regulates specific genes upon the introduction of 
high lysine concentration (Rodionov et al. 2003).  The activity of a lysine riboswitch 
suggests increased accumulated levels of lysine, an amino acid whose catabolism has 
been linked to osmotic stress resistance among a myriad of prokaryotes (Neshich et al. 
2013).  The tolerance for osmotic conditions constitutes a well-developed response and 
regulation of intracellular osmolarity.  The accumulation and conversion of compatible 
solutes, specifically glycine betaine, occurs in response to high osmotic conditions 
(Miller et al. 1991; Graham & Wilkinson 1992; Townsend et al. 1996).  To balance the 
turgor pressure of high environmental ionic stress, potassium ions can also be 
accumulated (Christian & Waltho 1961; Graham & Wilkinson 1992; Gründlin 2013).   
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Transcriptional analysis of exposure to 2 M NaCl revealed increased expression of ATP-
driven potassium transport (kdp), genes involved in central metabolic functions including 
dehydrogenases and amino acid metabolism  (Price-Whelan et al. 2013). The increased 
activity of genes encoding for glycine betaine and mannitol transport, lysine 
accumulation and reductases and oxidoreductases was observed here. 
The osmotic stress applied here resulted in the decreased activity of 37 genes (adj. 
p-value <0.05).  Genes encoding for sodium dependent transporter (sausa300_0432) and 
sodium:dicarboxylate symporter family protein (sausa300_0382) were present, 
suggesting a cellular resistance to using sodium as a driver for active transport, likely due 
to already high intracellular sodium levels.   
 
Table 4.5 Genes differentially expressed in response to osmotic stress 
Locus taga Symbol Gene Product Name Log Fold 
Changeb 
FDRc 
SAUSA300_2051  hypothetical protein 5.77 1.16E-22 
SAUSA300_0372  hypothetical protein 2.54 2.03E-05 
SAUSA300_1976  succinyl-diaminopimelate 
desuccinylase 
2.36 1.23E-04 
SAUSA300_2347 nirR nitrite reductase 
transcriptional regulator NirR 
2.34 1.32E-04 
SAUSA300_2108 mtlD mannitol-1-phosphate 5-
dehydrogenase 
2.26 2.24E-04 
SAUSA300_2107 mtlA PTS system, mannitol 
specific IIA component 
2.18 4.79E-04 
SAUSA300_2383  amino acid permease 2.09 9.40E-04 
SAUSA300_2343  respiratory nitrate reductase, 
alpha subunit 
2.03 1.37E-03 
SAUSA300_0589  aldo/keto reductase family 
protein 
1.94 2.58E-03 
SAUSA300_2143  hypothetical protein 1.94 2.58E-03 
SAUSA300_2142 asp23 alkaline shock protein 23 1.92 3.06E-03 
SAUSA300_0012  putative homoserine O-
acetyltransferase 
1.90 3.66E-03 
SAUSA300_0859  NADH-dependent flavin 
oxidoreductase 
1.84 5.56E-03 
SAUSA300_2548  hypothetical protein 1.82 6.91E-03 
SAUSA300_2412  hypothetical protein 1.81 7.67E-03 









SAUSA300_2346 nirB nitrite reductase [NAD(P)H], 
large subunit 
1.66 1.84E-02 
SAUSA300_2478 cidB hypothetical protein 1.62 2.30E-02 
SAUSA300_2239 ureB urease subunit beta 1.61 3.18E-02 
SAUSA300_2097  hypothetical protein 1.60 2.53E-02 
SAUSA300_2413  hypothetical protein 1.58 3.21E-02 
SAUSA300_1624  MutT/nudix family protein 1.57 2.99E-02 
SAUSA300_1286  aspartate kinase 1.54 3.58E-02 
SAUSA300_1232  catalase 1.54 3.34E-02 
SAUSA300_0509  ATP:guanido 
phosphotransferase 
1.53 3.58E-02 
SAUSA300_1581  hypothetical protein 1.51 4.06E-02 
SAUSA300_1582  hypothetical protein 1.51 4.13E-02 
SAUSA300_0270 lytM peptidoglycan hydrolase 1.50 4.36E-02 
SAUSA300_1180  hypothetical protein 1.49 4.44E-02 
SAUSA300_2145  glycine betaine transporter 1.48 4.99E-02 
SAUSA300_0497 rrfG 5S ribosomal RNA -1.51 4.52E-02 
SAUSA300_1511 rpmG 50S ribosomal protein L33 -1.55 3.27E-02 
SAUSA300_1091 pyrR bifunctional pyrimidine 








SAUSA300_0432  sodium dependent transporter -1.59 2.70E-02 
SAUSA300_1836  tRNA -1.62 3.32E-02 
SAUSA300_0202  peptide ABC transporter 
permease 
-1.66 2.25E-02 
SAUSA300_1823  tRNA -1.69 2.28E-02 
SAUSA300_1812  tRNA -1.7 1.64E-02 
SAUSA300_2019  tRNA -1.71 1.40E-02 
SAUSA300_0498  tRNA -1.76 1.64E-02 
SAUSA300_1099  hypothetical protein -1.79 7.67E-03 
SAUSA300_0201  peptide ABC transporter 
permease 
-1.81 7.73E-03 
SAUSA300_0223  hypothetical protein -1.82 7.26E-03 
SAUSA300_1997  hypothetical protein -1.83 6.57E-03 
SAUSA300_2116  tRNA -1.97 2.30E-02 
SAUSA300_0200  peptide ABC transporter 
ATP-binding protein 
-2.05 1.19E-03 
SAUSA300_0173  hypothetical protein -2.12 6.70E-04 
SAUSA300_2124 rrsE 16S ribosomal RNA -2.12 1.28E-03 





SAUSA300_0018  tRNA -2.24 1.46E-03 
SAUSA300_0926  tRNA -2.28 7.26E-03 
SAUSA300_0382  sodium:dicarboxylate 
symporter family protein 
-2.28 2.10E-04 
SAUSA300_2017 rrsD 16S ribosomal RNA -2.35 2.10E-04 
SAUSA300_1092 pyrP uracil permease -2.35 1.20E-04 
SAUSA300_2118  tRNA -2.38 1.85E-03 
SAUSA300_1830  tRNA -2.4 4.80E-04 
SAUSA300_0174  hypothetical protein -2.66 6.32E-06 
SAUSA300_0176  ABC transporter permease -2.73 3.59E-06 
SAUSA300_1838 rrlC 23S ribosomal RNA -2.74 4.62E-06 
SAUSA300_1829  tRNA -2.75 5.10E-04 
SAUSA300_0177  hypothetical protein -2.82 1.82E-06 
SAUSA300_0175  putative lipoprotein -2.84 1.80E-06 
SAUSA300_0456 rrlA 23S ribosomal RNA -2.85 2.48E-06 
SAUSA300_1841 rrsC 16S ribosomal RNA -3.04 5.35E-07 
SAUSA300_2117  tRNA -3.29 2.61E-08 
SAUSA300_0019  tRNA -7.34 3.16E-31 
aThe locus tag is based on MRSA FPR3757 annotations 
bA positive log fold change represents upregulation of genes under exposure to osmotic stress.  A negative 
log fold change represents downregulation of genes under exposure to osmotic stress. 
CThe EdgeR package was used to determine differential expression. A false discovery rate (FDR) of <0.05 
was used to determine statistically differentially expressed genes. 
 
 
A total of 461 genes were differentially expressed while growing to late log phase 
in 2 M NaCl (Price-Whelan et al. 2013) while only 68 genes were observed here during a 
short exposure (15 min) of early log phase cells to 10% NaCl.  Not much overlap was 
observed between Price-Whelan et al. and this study.  A large amount of genes encoding 
for hypothetical proteins was observed in both studies.  Differentially expressed genes 
ureB (urease subunit beta), pyrB (aspartate carbamoyltransferase catalytic subunit) and 
SAUSA300_1624 (MutT/nudix family protein) were identified.  Exposure conditions to 
osmotic stress were different, however.  Price-Whelan et al. grew MRSA in broth 
containing 2 M NaCl to late log phase (OD600=0.5-0.7) (Price-Whelan et al. 2013).  In 
this study, NaCl exposure was for 15 min after cells reached early log phase (OD600=0.4) 
with no previous exposure to osmotic stress.  Little virulence gene differential expression 
was observed with only asp23 upregulated.  The lack of virulence gene induction during 
osmotic conditions is hypothesized to correlate with the high human carrier rate on dry 
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conditions of skin and nasal passages while lacking illness symptoms (Price-Whelan et 
al. 2013).   
 
4.3.3 RNA-Sequencing Analysis Reveals 371 σB –dependent Genes and 16 ncRNAs 
RNA-Seq was used to identify the role of σB in the response of MRSA to high 
NaCl conditions. To my knowledge, this is the first study using RNA-Seq to define the 
regulatory network of σB.  The application of 10% NaCl was chosen to induce a stress 
response in MRSA JE2 and MRSA JE rpoF::TnT.  This concentration is high but still 
below the observed NaCl MIC of the wildtype strain (13.8%) and produced differential 
expression of a σB dependent gene, asp23, measured by qRT-PCR.  This concentration 
has been observed to increase expression of σB (encoded by rpoF) and a σB-regulated 
gene, csb7, in S. aureus during time periods of 3, 6, 9 and 12 minutes (Pané-Farré et al. 
2006).   
Inactivity of the gene encoding for σB, rpoF, by Tn insertion, resulted in 
differential expression of 371 genes and 16 ncRNAs between JE2 and JE2 rpoF::TnT.  
Differentially expressed genes and ncRNAs (adj. p-value <0.05) were classified here as 
being σB dependent.  Of those differentially expressed, 197 genes and 10 ncRNAs were 
upregulated in the rpoF::TnT mutant (Table 4.6). The increased expression while σB is 
inactive suggests indirect negative regulation.  The downregulation of 174 genes and 6 
ncRNAs occurred in rpoF::TnT, compared to JE2 (Table 4.7).  These genes are suggested 
to be positively regulated by σB.  Previous microarray screenings of the σB regulon in S. 
aureus have identified 135 differentially expressed genes during alkaline stress (Pané-
Farré et al. 2006), 251 differentially expressed genes during different growth stages 
(Bischoff et al. 2004) and 23 σB-dependent genes under heat shock (Gertz et al. 2000).  
Previously identified σB regulated genes also identified here include ssa (secretory 
antigen precursor) asp23, cap5B, epiF (lantibiotic epidermin immunity protein F), mtlA 
(PTS system mannitol specific IIA), rsbV (anti-anti-sigma B factor) and truB (tRNA 
pseudouridine synthase B).  A large degree of hypothetical proteins were identified in all 
studies as well (Pané-Farré et al. 2006; Bischoff et al. 2004). A lack of uniform 
nomenclature and gene product description results in difficult data set comparisons.   
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Table 4.6 Genes identified by RNA-Seq as down-regulated by σB  
Role 
Categorya 








SAUSA300_0010  hypothetical 
protein 
1.16 1.54E-02 

















SAUSA300_0007  hypothetical 
protein 
1.20 2.67E-02 
 SAUSA300_0917  hypothetical 
protein 
1.04 7.23E-03 





 SAUSA300_2128  putative drug 
transporter 
1.18 3.74E-03 














 SAUSA300_1726  crcB family 
protein 
1.13 5.94E-03 

















SAUSA300_2532 panD aspartate 1-
decarboxylase 
0.99 3.66E-02 




























SAUSA300_0011  hypothetical 
protein 
1.14 1.47E-02 
 SAUSA300_0036  hypothetical 
protein 
1.00 1.63E-02 
 SAUSA300_0169  hypothetical 
protein 
1.13 1.83E-02 
 SAUSA300_0278  hypothetical 
protein 
1.39 2.36E-02 
 SAUSA300_0552  hypothetical 
protein 
0.89 1.81E-02 




 SAUSA300_0606  hypothetical 
protein 
0.59 3.98E-02 




 SAUSA300_0817  hypothetical 
protein 
1.10 6.04E-04 
 SAUSA300_0843  hypothetical 
protein 
1.39 3.30E-05 
 SAUSA300_0866  hypothetical 
protein 
1.28 9.40E-04 
 SAUSA300_0931  hypothetical 
protein 
1.67 3.75E-04 
 SAUSA300_1019  hypothetical 
protein 
0.94 1.42E-03 
 SAUSA300_1248  hypothetical 
protein 
0.72 4.15E-02 
 SAUSA300_1314  hypothetical 
protein 
1.27 1.75E-04 
 SAUSA300_1374  hypothetical 
protein 
2.01 6.53E-05 
 SAUSA300_1736  hypothetical 
protein 
0.99 2.60E-02 
 SAUSA300_2252  hypothetical 
protein 
1.47 8.65E-03 
















 SAUSA300_0168  hypothetical 
protein 
0.89 2.21E-02 
 SAUSA300_0651  CHAP domain 
family 
0.84 8.21E-03 
 SAUSA300_0652  hypothetical 
protein 
0.81 1.75E-02 
 SAUSA300_0875  hypothetical 
protein 
1.10 7.13E-03 





































































 SAUSA300_1979  cation transport 
family protein 
1.21 5.38E-03 



























 SAUSA300_0867 spsA signal peptidase 
IA 
1.24 1.93E-02 
 SAUSA300_0868 spsB signal peptidase 
IB 
1.33 1.16E-03 







SAUSA300_1548  ComE operon 
protein 2 
0.95 1.18E-03 










SAUSA300_0839  hypothetical 
protein 
0.82 1.75E-02 




















n and repair 
SAUSA300_0060  putative 
transposase 
1.70 4.07E-09 
 SAUSA300_0267  transposase 1.55 2.00E-03 
 SAUSA300_0468  hydrolase, TatD 
family 
0.83 2.98E-02 
























Transcription SAUSA300_0317  hypothetical 
protein 
1.14 4.44E-03 





































 SAUSA300_2261  hypothetical 
protein 
0.80 2.14E-02 












 SAUSA300_1117 rpmB 50S ribosomal 
protein L28 
1.44 6.56E-03 
 SAUSA300_1233 rpmG 50S ribosomal 
protein L33 
0.89 3.02E-02 
 SAUSA300_1511 rpmG 50S ribosomal 
protein L33 
2.14 3.07E-04 
 SAUSA300_1545 rpsT 30S ribosomal 
protein S20 
1.18 1.65E-02 




aGenes that showed evidence of negative regulation by σB by increased expression in the JE2 rpoF::TnT 
strain compared with the JE2 wildtype strain, both exposed to osmotic stress.  Only genes categorized into 
IMG role categories with over- and underrepresentation based on odds ratio analysis are listed.  
bThe locus tag is based on MRSA FPR3757 annotations 
CThe DESeq2 package was used to determine differential expression. An adjusted p-value of <0.05 was 
used to determine statistically differentially expressed genes. 
 
 



























 SAUSA300_0514 cysE serine 
acetyltransferase 
-1.49 4.06E-03 




SAUSA300_1804  hypothetical 
protein 
-0.83 4.77E-02 
 SAUSA300_2097  hypothetical 
protein 
-3.31 3.38E-09 












 SAUSA300_0329  putative 
oxidoreductase 
-1.04 3.90E-02 




 SAUSA300_0758 tpiA triosephosphate 
isomerase 
-1.40 1.10E-02 
 SAUSA300_2451  drug transporter -1.09 6.64E-03 








SAUSA300_1687  FtsK/SpoIIIE 
family protein 
-1.47 1.84E-03 








SAUSA300_2097  hypothetical 
protein 
-3.31 3.38E-09 
 SAUSA300_2145  glycine betaine 
transporter 
-2.83 5.09E-05 
 SAUSA300_0130  NAD-dependent 
epimerase/dehydrat
ase family protein 
-1.09 1.46E-02 
 SAUSA300_0308  ABC transporter, 
permease protein 
-1.26 5.04E-03 
 SAUSA300_0329  putative 
oxidoreductase 
-1.04 3.90E-02 
 SAUSA300_0475  SpoVG protein -1.71 3.13E-07 
 SAUSA300_1078 divIB cell division 
protein 
-1.23 1.44E-02 
 SAUSA300_2644 gidB glucose-inhibited 







SAUSA300_1347 birA BirA bifunctional 
protein 
-0.61 3.85E-02 
 SAUSA300_1359  polyprenyl 
synthetase 
-0.88 3.18E-03 





 SAUSA300_1470  geranyltranstransfe
rase 
-0.84 4.15E-02 





 SAUSA300_1610 folC folylpolyglutamate 
synthase 
-0.70 8.21E-03 




 SAUSA300_2166 alsS alpha-acetolactate 
synthase 
-0.96 4.15E-02 
 SAUSA300_2255  monooxygenase 
family protein 
-1.02 9.69E-03 















 SAUSA300_1762 epiF lantibiotic 
epidermin 











 SAUSA300_1297  hypothetical 
protein 
-0.98 3.96E-02 















 SAUSA300_2255  monooxygenase 
family protein 
-1.02 9.69E-03 




 SAUSA300_0339  hypothetical 
protein 
-1.61 2.95E-03 















SAUSA300_1864  hypothetical 
protein 
-1.35 4.55E-03 
 SAUSA300_2142 asp23 alkaline shock 
protein 23 
-6.70 6.04E-33 
 SAUSA300_2143  hypothetical 
protein 
-6.00 1.98E-26 
 SAUSA300_2380  hypothetical 
protein 
-0.91 2.64E-02 
 SAUSA300_0372  putative lipoprotein -5.39 1.70E-18 
 SAUSA300_0516  hypothetical 
protein 
-1.55 1.09E-03 
 SAUSA300_0667  YaiI/YqxD family 
protein 
-0.70 1.79E-02 
 SAUSA300_1083  hypothetical 
protein 
-0.93 1.90E-02 
 SAUSA300_1118  hypothetical 
protein 
-1.18 1.25E-03 
 SAUSA300_2418  hypothetical 
protein 
-2.87 7.14E-12 
 SAUSA300_2514  hypothetical 
protein 
-0.85 3.17E-02 







SAUSA300_1350  hypothetical 
protein 
-0.86 6.85E-03 
 SAUSA300_1520  hypothetical 
protein 
-0.83 2.57E-02 
 SAUSA300_1530  hypothetical 
protein 
-1.03 2.90E-02 
 SAUSA300_1624  MutT/nudix family 
protein 
-1.06 4.81E-02 





 SAUSA300_1856  hypothetical 
protein 
-1.36 3.07E-02 




 SAUSA300_2327  hypothetical 
protein 
-2.66 7.26E-09 




 SAUSA300_2398  hypothetical 
protein 
-1.35 2.89E-04 
 SAUSA300_0338  glyoxalase family 
protein 
-1.68 3.42E-03 





 SAUSA300_0711  hypothetical 
protein 
-1.63 3.16E-05 
 SAUSA300_1111  hypothetical 
protein 
-0.77 4.41E-02 
 SAUSA300_1119  hypothetical 
protein 
-0.91 7.60E-04 








 SAUSA300_2518  hydrolase family 
protein 
-1.70 8.38E-03 
 SAUSA300_2543  hypothetical 
protein 
-1.75 1.35E-02 



































SAUSA300_1859  hypothetical 
protein 
-0.87 4.81E-02 
 SAUSA300_0070  putative 
lysophospholipase 
-2.36 7.26E-09 
 SAUSA300_0711  hypothetical 
protein 
-1.63 3.16E-05 
































 SAUSA300_0786  OsmC/Ohr family 
protein 
-2.54 1.62E-05 
 SAUSA300_0818 sufC FeS assembly 
ATPase SufC 
-1.54 1.23E-04 
 SAUSA300_0877 clpB Chaperone clpB -1.35 1.93E-02 






n and repair 
SAUSA300_1309  transposase, IS200 
family 
-2.39 1.28E-05 
 SAUSA300_1468 recN DNA repair protein 
RecN 
-0.80 3.51E-02 
 SAUSA300_1732  putative 
transposase 
-2.18 1.53E-04 








SAUSA300_0189 entB isochorismatase -1.12 9.48E-03 
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SAUSA300_1862  hypothetical 
protein 
-1.16 6.64E-03 
 SAUSA300_2024 rsbV anti-sigma-B 
factor, antagonist 
-1.66 7.66E-09 
 SAUSA300_2338  sensor histidine 
kinase 
-0.97 1.01E-03 
 SAUSA300_0067  universal stress 
protein family 
-3.52 4.04E-18 




Transcription SAUSA300_1469 argR arginine repressor -0.98 1.04E-02 
 SAUSA300_2021  S1 RNA binding 
domain protein 
-1.18 3.14E-03 
 SAUSA300_2022 rpoF RNA polymerase 
sigma-37 factor 
-4.08 2.88E-32 



































 SAUSA300_1554  hypothetical 
protein 
-1.54 7.59E-07 
 SAUSA300_1575 alaS alanyl-tRNA 
synthetase 
-1.18 5.58E-04 















 SAUSA300_2180 rpsM 30S ribosomal 
protein S13 
-0.95 1.86E-02 
 SAUSA300_2185 rplO 50S ribosomal 
protein L15 
-1.13 3.08E-05 
 SAUSA300_2188 rplR 50S ribosomal 
protein L18 
-0.79 1.27E-02 
 SAUSA300_2190 rpsH 30S ribosomal 
protein S8 
-1.26 3.38E-08 
 SAUSA300_2191 rpsN 30S ribosomal 
protein S14 
-1.19 1.35E-07 
 SAUSA300_2193 rplX 50S ribosomal 
protein L24 
-1.13 1.65E-04 
 SAUSA300_2194 rplN 50S ribosomal 
protein L14 
-1.16 1.55E-05 
 SAUSA300_2195 rpsQ 30S ribosomal 
protein S17 
-1.06 5.80E-03 
 SAUSA300_2196 rpmC 50S ribosomal 
protein L29 
-1.09 8.42E-04 
 SAUSA300_2198 rpsC 30S ribosomal 
protein S3 
-0.88 1.38E-02 




 SAUSA300_0515 cysS cysteinyl-tRNA 
synthetase 
-1.14 1.33E-02 





 SAUSA300_0596 argS arginyl-tRNA 
synthetase 
-0.85 4.05E-02 
aGenes that showed evidence of repression by σB by the decrease in expression in the JE2 rpoF::TnT strain 
compared with the JE2 wildtype strain, both exposed to osmotic stress.  Only genes categorized into IMG 
role categories with over- and underrepresentation based on odds ratio analysis are listed.  
bThe locus tag is based on MRSA FPR3757 annotations 
CThe DESeq2 package was used to determine differential expression. An adjusted p-value of <0.05 was 




4.3.4 Five IMG Role Categories Were Under- or Overrepresented by σB-indirectly 
Negatively Regulates Genes  
Genes that were upregulated in JE2 rpoF::TnT are under indirect, negative 
regulation by σB.  The χ2 and OR analysis revealed a total of 4 role categories that were 
significantly underrepresented (Amino acid transport and metabolism, Cell wall, 
membrane, and envelope biogenesis, Coenzyme transport, and metabolism, and General 
function prediction) for upregulated genes in JE2 rpoF::TnT, designated as down-
regulated by σB (Table 4.8).  The role category Intracellular trafficking, secretion, and 
vesicular transport was overrepresented for the differentially expressed genes that are 
designated here as down-regulated by σB (Table 4.8).  The Intracellular trafficking, 
secretion, and vesicular transport (OR=2.9664, p-value = 0.0228) category includes genes 
secG (preprotein translocase subunit), tatC (Sec-independent protein translocase), spsAB 
(signal peptidases), yajC (preprotein translocase).  Role categories for Amino acid 
transport and metabolism (OR=0.2218, p-value = 0.0012), Cell wall, membrane, and 
envelope biogenesis (OR=0.8744, p-value = 0.0124), Coenzyme transport, and 
metabolism (OR=0.257, p-value =0.0415), and General function prediction (OR=0.4441, 
p-value = 0.0166) were underrepresented.   
Genes encoding for regulatory proteins sarA (accessory regulator A), agrBCD 
(accessory gene regulatory proteins), and tetR (TetR transcriptional regulator) were 
upregulated.  TetR is a membrane bound protein and works to regulate itself and tetA, 
another gene associated with tetracycline resistance (Beck et al. 1982).  It is tempting to 
hypothesize that σB possibly plays a role in regulating tetR during tetracycline stress.  
Several regulators for heavy metal management were upregulated including genes 
encoding for the ArsR transcriptional regulator (arsR), MerR transcriptional regulator 







Table 4.8 IMG role categories over- or underrepresented for genes down-regulated by σB 
IMG role categorya No. of 
annotated 
genes 







Amino acid transport 
and metabolism 




103 1 0.8744 0.0124 
Coenzyme transport and 
metabolism 
99 2 0.257 0.0415 
General function 
prediction only 
211 9 0.4441 0.0166 
Intracellular trafficking, 
secretion, and vesicular 
transport 
27 5 2.9664 0.0228 
aIMG role categories for MRSA FPR3757 
bNumber of genes downregulated by σB, upregulated in the JE2 rpoF::TnT strain 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially 
expressed genes and the total within each category. A p-value <0.05 was the cut-off for 
significance. 
 
The fur regulon is the ferric uptake regulon which provides oxidative stress tolerance and 
is active in virulence in S. aureus (Horsburgh et al. 2001), Mercury resistance genes are 
regulated by merR (Nucifora et al. 1989) while arsR regulates genes for arsenic resistance 
(Wu & Rosen 1991).   The regulons involved in heavy metal accumulation or resistance 
may possibly be an alternative means to respond to osmotic stress in the absence of σB or 
are negatively regulated by σB. 
The virulence gene cap5B, encoding for the capsular polysaccharide biosynthesis 
protein Cap5B, had increased expression.  Monovalent cation/proton antiporter subunit 
genes (mnhACDF) had increased expression in the rpoF::TnT mutant.  It is suggested 
that this antiporter system has increased activity to replace another antiporter system that 
is positively σB regulated as the osmotic conditions are applied.  Genes encoding for 
translocase activity (yajC, tatC, tatD) were increased.  The 10 ncRNAs with increased 
expression in the JE2 rpoF::TnT included RNAIII, SprD, 6S RNA, TPP riboswitch, 
GlmS ribozyme, and GlmS ribozyme, fstAT, and yybP-ykoY leader. 
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4.3.5 Positive σB-regulation Includes Translation and Antibiotic Resistance 
The 174 genes and 6 ncRNAs with lower transcript levels in the rpoF::TnT strain 
suggests possible positive σB-regulation during osmotic stress.  Of the 6 ncRNAs with 
decreased expression in JE2 rpoF::TnT, RsaB, RsaH, T-box, and FMN riboswitch were 
identified.  The genes with lower transcript levels in the rpoF::TnT strain were subject to 
the same role category designation and representation analysis. The χ2 and OR analysis 
identified 2 role categories that were significantly underrepresented (Amino acid 
transport and metabolism and Inorganic ion transport and metabolism) while the 
Translation, ribosomal structure and biogenesis role category was overrepresented for the 
genes with increased expression in the rpoF::TnT mutant.   
Amino acid transport and metabolism (OR=0.3215, p-value = 0.0093) and 
Inorganic ion transport and metabolism (OR=0.1888, p-value = 0.0092) role categories 
were underrepresented.  Underrepresentation of categories for amino acid, ion and 
coenzyme transport and metabolism was observed for the downregulated genes in the 
rpoF::TnT and wildtype strains.  Additionally, no categories for carbohydrate or lipid 
transport and metabolism were over- or underrepresented.  The absence of an 
overabundance of genes for these processes suggests, as a whole, that σB does not 
regulate metabolic functions under the conditions applied here.  
The Translation, ribosomal structure and biogenesis role category was 
overrepresented (OR=2.6638, p-value<0.0001). This category include genes encoding for 
the 30S and 50S ribosomal protein (rpsM, rplO, rplR, rpsH, rpsN, rplX, rplN, rpsQ, 
rpmC, rpsC).  Genes gatAC (aspartyl/glutamyl-tRNA amidotransferase subunits), alaS 
(alanyl-tRNA synthetase), valS (valyl-tRNA synthetase), cysS (cysteinyl-tRNA 
synthetase) and argS (arginyl-tRNA synthetase) are also included in the overrepresented 
role category. The categorization of downregulated genes in the rpoF::TnT strain did not 
reveal very much in terms of proposing cell physiology changes or functionalities.  
However, the presence of the genes encoding for ribosome assembly and tRNA activity 




Table 4.9 IMG role categories over- or underrepresented for genes with lower transcript 
levels in the rpoF::TnT strain 




























aIMG role categories for MRSA FPR3757 
bNumber of genes downregulated in the JE2 rpoF::TnT strain 
cOdds ratios were used to identify the degree of representation for each category 
dThe Chi-squared test was used to identify the statistical significance the differentially 
expressed genes and the total within each category. A p-value <0.05 was the cut-off for 
significance. 
 
In addition to the role categorization of genes with lower transcript levels in the 
rpoF::TnT, genes of particular interest were observed.  Regulatory protein encoding 
genes spoVG, bgiG, marR, rpoF and rsbV (main components of the σB operon), and 
araC.  Increased expression of rpoF and the anti-sigma factor antagonist, rsbV, is 
expected in a comparison of strain JE2 and the rpoF mutant as it is still functional in 
wildtype JE2.  This also supports the claims that σB aids in the response to osmotic stress.  
The presence of marR is of interest as it has been found to be a major regulator in MRSA 
FPR3757, regulating 18 transcriptional factors that repress or activate genes including the 
Sar regulon (Ibarra et al. 2013).  In Escherichia coli, MarR works as a repressor for the 
marRAB operon.  This operon controls multiple antibiotic resistance genes allowing for 
tolerance of β-galactosidase (Sulavik et al. 1995).  The absence of MarR would lead to 
increased resistance to this group of antibiotics.  The application of osmotic stress 
resulted in the increased expression of antibiotic resistance genes femA (methicillin 
resistance protein), epiF (lantibiotic epidermin immunity protein), and epiP (lantibiotic 
epidermin leader peptide).  An active σB-regulon is attributed to increased antibiotic 
resistance through increasing cell wall integrity and thickness (Morikawa et al. 2001).  
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MarR does not fit this mechanism as it limits intracellular antibiotic accumulation, not 
physiological changes to cell wall thickness (Cohen et al. 1989).  The gene femA is linked 
to the formation of peptidoglycan crosslinking in the cell wall.  It encodes for proteins 
required for the pentaglycine interpeptide bridge to form (Li et al. 2008).  Increased 
activity of femA leads to an increase in methicillin resistance (Hegde & Schrader 2001).  
EpiF is an ABC transporter unit for the lantibiotic epidermin and has high homology to 
transporters providing resistance to bacteriocin accumulation in other Gram-positive 
bacteria (Peschel & Gӧtz 1996).  It is tempting to think that EpiF may be working to 
export applied intracellular antibiotics, thus providing resistance.  
 
4.3.6 A Functioning σB-regulon Controls Virulence Regulators 
The σB operon including rpoF itself was not significantly differentially expressed 
when comparing the wildtype JE2 with and without exposure to NaCl.  However, rpoF 
and rsbV had increased expression in wildtype JE2 compared with JE2 rpoF::TnT.  The 
effects of σB on the regulation of other regulatory networks and components was 
observed.  Genes encoding for the agr regulon (agrBCD) were upregulated in the absence 
of σB along with sarA.  An inactive σB, through the absence of a functional RsbU, has 
been shown to lead to increased activity of agr and sarA (Bischoff et al. 2001). The SarA 
regulon is responsible for the activation of the genes in agr due to binding affinity of 
SarA for an agr promoter region (Chien & Cheung 1998; Chien et al. 1998).  The agr 
regulon is responsible for major virulence genes expression in S. aureus, including 
increased activity of secretory protein genes and decreased activity of surface protein 
genes (Recsei et al. 1986).  RNAIII, a ncRNA, was upregulated in the absence of σB and 
is transcribed from agr promoters (Morfeldt et al. 1996; Lauderdale et al. 2009).  RNAIII 
has been shown to repress spa, a virulence factor that encodes for a protein bound within 
the cell wall peptidoglycan and has a binding affinity for IgG (Huntzinger et al. 2005).  
Ribonuclease III (RNase III), encoded for by rnc, had decreased expression in MRSA 
JE2 rpoF::TnT.  RNase III, is responsible for management of mRNA and double-
stranded RNA, degrading already repressed genes. RNase III works with RNAIII, to 
repress virulence genes (Chevalier et al. 2008).  
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Although agr was upregulated in JE2 rpoF::TnT, a limited number of virulence 
genes were differentially expressed.  Virulence genes downregulated in MRSA JE2 
rpoF::TnT were asp23 and clfA, while cap5b and hld were upregulated.  The lack of a 
large majority of virulence genes being differentially expressed corresponds with in vivo 
studies which show no difference of a functional σB on virulence (Horsburgh et al. 2002; 
Nicholas et al. 1999).  This is not to say that σB does not play a role in virulence but that 
the conditions applied here did not induce virulence which corresponds with the agr 
activity induction.  Although not traditionally considered virulence genes in S. aureus, 
two Clp proteases were also downregulated in the MRSA JE2 rpoF::TnT strain.  Aside 
from the management of misfolded proteins, the absence of Clp proteases, specifically 
ClpP and ClpX, led to decreased transcription of RNAIII and spa (Frees et al. 2003).   
 
4.3.7 Application of Small Molecule, FPSS, Yields Limited Inactivation of σB-
dependent Genes 
The effect of 10% NaCl and FPSS concentrations of 8, 32, and 64μM on the σB 
regulated gene (asp23) was measured by TaqMan qRT-PCR (Figure 4.3).  Transcript 
levels of asp23 from samples exposed to a concentration of 64μM FPSS and from the 
rpoF::TnT mutant were not significantly different (p-value >0.05) from each other, while 
both were significantly different from the NaCl treated JE2 strain (p-value <0.05).  
Transcript levels of asp23 following application of 8 and 32μM FPSS concentration were 
not significantly different (p-value >0.05) from strain JE2 with and without NaCl 
exposure, JE2 rpoF::TnT with NaCl exposure and 64μM FPSS concentration.   
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Figure 4.3 Transcript level for asp23.  
Transcripts were defined in the wildtype strain (JE2) with and without NaCl exposure, 
strain JE2 rpoF::TnT with NaCl exposure, and wildtype strain JE2 exposed to NaCl and 
small molecule FPSS at concentrations 8, 32, and 64μM.  Transcript levels were defined 
by qRT-PCR and are expressed in terms of log cDNA copy number.  Levels of asp23 
were normalized to the general housekeeping gene rpoB.  Triplicate samples are analyzed 
and averaged, represented here.  A multiple comparisons procedure using the analysis of 
variance (ANOVA) with Duncan correction was applied.  Significantly different 
transcript levels (p-value <0.05) are labeled with different letters. Values with the same 
letter label are not significantly different. 
 
The small molecule compound, FPSS, has been applied to L. monocytogenes and 
B. subtilis (Palmer et al. 2011; Ringus et al. 2013).  Application of 64μM FPSS resulted 
in the 208 downregulation genes in L. monocytogenes. Of these 208 genes, 156 were 
previously identified in a group of 281 σB positively regulated genes (Palmer et al. 2011).  
Ringus et al. investigated the mechanistic effects of FPSS on the σB regulatory system, 
including RsbU and RsbV activity, sigma factor- core polymerase interactions, and σB 
promoter recognition.  The mechanism for FPSS σB-control was determined to be 
posttranslational by stabilizing phosphorylated RsbV, identified by isoelectric focusing 
and staining of RsbV.  As such, the freeing of σB through the switching of RsbW from σB 























RNA-Seq was performed on samples with exposure to 64μM FPSS and 10% 
NaCl.  Transcript levels from samples of MRSA JE2 with exposure to FPSS and NaCl 
were compared with MRSA JE2 exposed to NaCl.  A total of 26 genes and 2 ncRNAs 
were differentially expressed when comparing the FPSS exposed samples and MRSA 
JE2 (Table 4.10).  The application of FPSS led to increased expression of 12 genes and 2 
ncRNA and decreased expression of 14 genes.  The two ncRNAs with increased 
expression under FPSS and osmotic stress encoding for RsaA and T-box.  The RsaA 
ncRNA has been predicted to bind between eutD (phosphotransacetylase) and a putative 
heme-dependent peroxidase in S. aureus N315 (Geissmann et al. 2009).  The T-box 
regulatory system works through the interaction and binding of an uncharged tRNA to a 
neighboring riboswitch element, changing the structure from a terminator helix to an 
antiterminator helix and allowing for continued transcription in downstream coding 
regions (Green et al. 2010; Vitreschak et al. 2008).   
As stated, 371 genes were differentially expressed in JE2 rpoF::TnT.  Only 2 
genes were shared among the differentially expressed genes identified in (i) JE2 wildtype 
with and without FPSS exposure (Table 4.10) and (ii) JE2 rpoF::TnT to JE2 wildtype 
(Tables 4.6 and 4.7) sample sets.  Genes encoding for superoxide dismutase 
(SAUSA300_1513) and pyruvate formate-lyase activatin (pflA) were downregulated in 
both sample sets.  For the conditions applied here, FPSS had very limited effect on the 
transcriptional regulation of σB-dependent genes. 
A total of 123 genes and 5 ncRNAs were differentially expressed when 
comparing the MRSA JE2 rpoF::TnT and the FPSS exposed sample to each other (Table 
4.11).  Increased expression of 58 genes and 2 ncRNAs were observed comparing to the 
JE2 rpoF::TnT mutant to FPSS exposure, both under osmotic stress.  The accessory gene 
regulator protein encoding genes responsible for virulence gene regulation, agrBCD, 
were upregulated along with virulence genes coa and delta-hemolysin 






Table 4.10 Genes differentially expressed following exposure to FPSS and osmotic stress 
Locus taga Symbol Gene Product Name Log Fold 
Changeb 
FDRc 
SAUSA300_2489  antibiotic transport-associated 
protein-like protein 
4.16 3.67E-09 
SAUSA300_2306  ABC transporter ATP-binding 
protein 
3.08 2.59E-05 
SAUSA300_0019  tRNA 3.05 3.43E-05 
SAUSA300_2307  ABC transporter permease 2.97 3.43E-05 
SAUSA300_2493  hypothetical protein 2.84 8.53E-05 
SAUSA300_2008 ilvN acetolactate synthase 1 regulatory 
subunit 
2.82 3.80E-03 
SAUSA300_2010 leuA 2-isopropylmalate synthase 2.18 1.16E-02 
SAUSA300_0498  tRNA 2.08 2.72E-02 
SAUSA300_2013 leuD isopropylmalate isomerase small 
subunit 
2.01 3.25E-02 
SAUSA300_2009 ilvC ketol-acid reductoisomerase 2.01 2.72E-02 
SAUSA300_2012 leuC isopropylmalate isomerase large 
subunit 
1.98 3.20E-02 
SAUSA300_0831  hypothetical protein 1.90 4.31E-02 
SAUSA300_1513  Fe/Mn family superoxide dismutase -1.85 5.09E-02 
SAUSA300_0138 deoD purine nucleoside phosphorylase -1.86 4.98E-02 
SAUSA300_0256  murein hydrolase regulator LrgA -1.88 4.94E-02 
SAUSA300_0407  superantigen-like protein -1.94 3.47E-02 
SAUSA300_1456  alpha-D-1,4-glucosidase -1.95 3.39E-02 
SAUSA300_0220 pflB formate acetyltransferase -2.04 2.30E-02 
SAUSA300_2347 nirR nitrite reductase transcriptional 
regulator NirR 
-2.16 1.16E-02 
SAUSA300_0221 pflA pyruvate formate-lyase activating 
enzyme 
-2.46 1.41E-03 
SAUSA300_1097 pyrF orotidine 5'-phosphate 
decarboxylase 
-2.72 1.89E-04 
SAUSA300_1096 carB carbamoyl phosphate synthase large 
subunit 
-2.84 8.53E-05 
SAUSA300_1095 carA carbamoyl phosphate synthase 
small subunit 
-2.98 3.43E-05 
SAUSA300_1092 pyrP uracil permease -3.03 3.20E-05 
SAUSA300_1093 pyrB aspartate carbamoyltransferase 
catalytic subunit 
-3.36 2.69E-06 
SAUSA300_1094 pyrC dihydroorotase -3.40 2.67E-06 
aThe locus tag is based on MRSA FPR3757 annotations 
bA positive log fold change represents an increased or upregulation of genes under exposure to FPSS and 
osmotic stress.  A negative log fold change represents a decreased or downregulation of genes under 
exposure to FPSS and osmotic stress. 




The ncRNA 6S RNA, a sRNA responsible for decreasing promotor site interaction of the 
housekeeping σ-factor in Escherichia coli which also leads to increased activity of 
promotor sites for the stress response alternative sigma factor, σS (Wassarman 2007).   
Decreased expression of 65 genes and 3 ncRNAs occurred comparing to the JE2 
rpoF::TnT mutant to FPSS exposure, both under osmotic stress.   
Table 4.11 Genes differentially expressed in the JE2 rpoF::TnT strain compared with JE2 
wildtype FPSS exposure 
Locus taga Symbol Description Log Fold 
Changeb 
FDRc 
SAUSA300_1820  tRNA 6.56 2.43E-19 
SAUSA300_1777  tRNA 5.59 4.86E-14 
SAUSA300_2117  tRNA 5.50 3.03E-16 
SAUSA300_1818  tRNA 5.24 9.04E-10 
SAUSA300_1834  tRNA 5.18 5.21E-11 
SAUSA300_1830  tRNA 4.98 5.65E-13 
SAUSA300_1829  tRNA 4.91 6.38E-12 
SAUSA300_0018  tRNA 4.90 6.90E-13 
SAUSA300_1774  tRNA 4.89 1.01E-12 
SAUSA300_1833  tRNA 4.85 3.56E-12 
SAUSA300_1825  tRNA 4.48 5.39E-07 
SAUSA300_1835  tRNA 4.34 5.85E-11 
SAUSA300_1988  delta-hemolysin 4.07 3.36E-10 
SAUSA300_0926  tRNA 3.88 5.65E-09 
SAUSA300_2118  tRNA 3.73 4.50E-08 
SAUSA300_1815  tRNA 3.70 1.65E-04 
SAUSA300_1832  tRNA 3.30 3.36E-07 
SAUSA300_1819  tRNA 3.28 7.95E-07 
SAUSA300_1775  tRNA 3.22 2.59E-05 
SAUSA300_1773  tRNA 3.15 5.60E-06 
SAUSA300_1837 rrfC 5S ribosomal RNA 2.86 3.56E-02 
SAUSA300_1828  tRNA 2.86 1.43E-05 
SAUSA300_1826  tRNA 2.81 6.90E-03 
SAUSA300_0019  tRNA 2.79 2.27E-05 
SAUSA300_1817  tRNA 2.77 3.02E-05 
SAUSA300_1092 pyrP uracil permease 2.66 5.95E-05 
SAUSA300_1827  tRNA 2.65 1.21E-04 
SAUSA300_1989 agrB accessory gene regulator protein 
B 
2.54 1.48E-04 
SAUSA300_2051  hypothetical protein 2.41 3.90E-04 
SAUSA300_2253 ssaA secretory antigen precursor SsaA 2.36 5.54E-04 
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SAUSA300_1920 chs chemotaxis-inhibiting protein 
CHIPS 
2.33 6.69E-04 
SAUSA300_0776 nuc thermonuclease 2.33 6.74E-04 
SAUSA300_1990 agrD accessory gene regulator protein 
D 
2.32 1.12E-03 
SAUSA300_1831  tRNA 2.14 2.66E-03 
SAUSA300_1975  Aerolysin/leukocidin family 
protein 
2.12 2.88E-03 
SAUSA300_0407  superantigen-like protein 2.02 5.59E-03 
SAUSA300_1440  hypothetical protein 1.99 7.52E-03 
SAUSA300_0408  hypothetical protein 1.98 6.88E-03 
SAUSA300_1056  hypothetical protein 1.95 8.30E-03 
SAUSA300_0256  murein hydrolase regulator LrgA 1.95 8.30E-03 
SAUSA300_1093 pyrB aspartate carbamoyltransferase 
catalytic subunit 
1.94 8.45E-03 
SAUSA300_1814  tRNA 1.94 2.09E-02 
SAUSA300_0693  hypothetical protein 1.90 1.12E-02 
SAUSA300_1974  leukocidin/hemolysin toxin 
family protein 
1.87 1.32E-02 
SAUSA300_1776  tRNA 1.83 2.72E-02 
SAUSA300_0927  tRNA 1.79 3.88E-02 
SAUSA300_2269  hypothetical protein 1.79 1.99E-02 
SAUSA300_1823  tRNA 1.78 2.25E-02 
SAUSA300_2493  hypothetical protein 1.78 2.04E-02 
SAUSA300_2119  tRNA 1.78 2.12E-02 
SAUSA300_2364 sbi IgG-binding protein SBI 1.77 2.11E-02 
SAUSA300_1811  tRNA 1.77 2.55E-02 
SAUSA300_2414  hypothetical protein 1.68 3.87E-02 
SAUSA300_1098 pyrE orotate phosphoribosyltransferase 1.67 3.50E-02 
SAUSA300_1991 agrC accessory gene regulator protein 
C 
1.66 3.61E-02 
SAUSA300_1055 efb fibrinogen-binding protein 1.66 3.65E-02 
SAUSA300_2482  hypothetical protein 1.63 4.30E-02 
SAUSA300_0224 coa staphylocoagulase 1.62 4.45E-02 
SAUSA300_0475  regulatory protein SpoVG -1.61 4.72E-02 
SAUSA300_2592  hypothetical protein -1.62 4.68E-02 
SAUSA300_1739  hypothetical protein -1.66 3.77E-02 
SAUSA300_1294  hypothetical protein -1.67 3.61E-02 
SAUSA300_2415  hypothetical protein -1.68 3.50E-02 
SAUSA300_1856  hypothetical protein -1.70 3.10E-02 
SAUSA300_2629  hypothetical protein -1.70 3.41E-02 
SAUSA300_2463 ddh D-lactate dehydrogenase -1.70 3.02E-02 





SAUSA300_0888 oppC oligopeptide ABC transporter 
permease 
-1.73 2.98E-02 
SAUSA300_2539  4-aminobutyrate aminotransferase -1.78 2.12E-02 
SAUSA300_2613 hisZ ATP phosphoribosyltransferase 
regulatory subunit 
-1.78 2.65E-02 
SAUSA300_2164  hypothetical protein -1.79 2.66E-02 
SAUSA300_0338  glyoxalase family protein -1.80 2.09E-02 
SAUSA300_2486  putative ATP-dependent Clp 
proteinase 
-1.81 1.81E-02 
SAUSA300_0889 oppD oligopeptide ABC transporter 
ATP-binding protein 
-1.83 1.87E-02 
SAUSA300_2518  hydrolase family protein -1.83 1.57E-02 
SAUSA300_1864  hypothetical protein -1.83 1.55E-02 
SAUSA300_0474  putative endoribonuclease L-PSP -1.84 1.53E-02 
SAUSA300_0954  MarR family transcriptional 
regulator 
-1.84 1.53E-02 
SAUSA300_2478 cidB hypothetical protein -1.85 1.48E-02 
SAUSA300_1226  homoserine dehydrogenase -1.85 1.48E-02 
SAUSA300_2525  hypothetical protein -1.86 1.36E-02 
SAUSA300_2501  phytoene dehydrogenase -1.88 1.32E-02 
SAUSA300_1732  putative transposase -1.94 9.14E-03 
SAUSA300_0877 clpB chaperone clpB -1.96 7.49E-03 
SAUSA300_2398  hypothetical protein -1.99 6.88E-03 
SAUSA300_0547 sdrD sdrD protein -1.99 6.82E-03 
SAUSA300_2106  putative transcriptional regulator -2.03 5.31E-03 
SAUSA300_2620  hypothetical protein -2.05 4.56E-03 




SAUSA300_0711  hypothetical protein -2.12 2.97E-03 
SAUSA300_2010 leuA 2-isopropylmalate synthase -2.15 2.66E-03 
SAUSA300_2108 mtlD mannitol-1-phosphate 5-
dehydrogenase 
-2.15 2.47E-03 
SAUSA300_0070  putative lysophospholipase -2.24 1.31E-03 
SAUSA300_2011 leuB 3-isopropylmalate dehydrogenase -2.42 4.02E-04 
SAUSA300_2012 leuC isopropylmalate isomerase large 
subunit 
-2.42 4.02E-04 
SAUSA300_2009 ilvC ketol-acid reductoisomerase -2.45 3.43E-04 
SAUSA300_2399  ABC transporter ATP-binding 
protein 
-2.52 1.74E-04 
SAUSA300_2107 mtlA PTS system, mannitol specific 
IIA component 
-2.63 7.99E-05 
SAUSA300_0770  hypothetical protein -2.75 4.57E-05 
SAUSA300_2502  hypothetical protein -2.78 3.65E-05 
SAUSA300_2327  hypothetical protein -2.81 1.97E-05 





SAUSA300_2416  glucose 1-dehydrogenase-like 
protein 
-3.03 3.48E-06 
SAUSA300_2306  ABC transporter ATP-binding 
protein 
-3.27 4.28E-07 
SAUSA300_2626  hypothetical protein -3.45 1.32E-07 
SAUSA300_2307  ABC transporter permease -3.56 3.49E-08 
SAUSA300_2097  hypothetical protein -3.62 1.80E-08 
SAUSA300_0067  universal stress protein -3.72 7.26E-09 
SAUSA300_0786  OsmC/Ohr family protein -3.92 1.44E-09 
SAUSA300_0781  hypothetical protein -3.93 1.14E-09 
SAUSA300_2022 rpoF RNA polymerase sigma factor 
SigB 
-4.04 3.85E-10 
SAUSA300_2418  hypothetical protein -4.14 1.83E-10 
SAUSA300_1581  hypothetical protein -4.60 1.88E-12 
SAUSA300_2489  antibiotic transport-associated 
protein-like protein 
-4.61 1.78E-12 
SAUSA300_2145  glycine betaine transporter -4.74 6.90E-13 
SAUSA300_0374  hypothetical protein -5.61 1.00E-16 
SAUSA300_0604  alpha/beta fold family hydrolase -6.18 2.97E-19 
SAUSA300_1582  hypothetical protein -6.52 7.09E-21 
SAUSA300_0372  hypothetical protein -7.37 7.15E-25 
SAUSA300_0816  CsbD-like superfamily protein -8.06 4.68E-28 
SAUSA300_2143  hypothetical protein -8.33 6.55E-29 
SAUSA300_2142 asp23 alkaline shock protein 23 -8.45 1.30E-29 
SAUSA300_2144  hypothetical protein -8.70 5.18E-30 
aThe locus tag is based on MRSA FPR3757 annotations 
bA positive log fold change represents an increased or upregulation of genes in JE2 rpoF::TnT compared to 
JE2 with FPSS application, both exposed to osmotic stress.  A negative log fold change represents a 
decreased or downregulation of genes in JE2 rpoF::TnT compared to JE2 with FPSS application, both 
exposed to osmotic stress. 
CThe EdgeR package was used to determine differential expression. A false discovery rate (FDR) of <0.05 
was used to determine statistically differentially expressed genes. 
 
Particular genes of interest include several regulator protein encoding genes.  The 
negative repressor of the mar antibiotic resistance operon, marR, (Sulavik et al. 1995) and 
a capsule formation controlling and antibiotic resistance regulator spoVG (Schulthess et 
al. 2009) were upregulated. Two genes encoding for Clp-based proteases (clpB and 
SAUSA300_2468), one gene encoding for an antibiotic transport-associate protein 
(SAUSA300_2489) and one gene encoding for a universal stress protein 
(SAUSA300_0067) were downregulated.  The virulence genes asp23, was 
downregulated as well.  Of specific note, rpoF itself was downregulated in the rpoF::TnT 
mutant compared with the FPSS exposed samples. FPSS has been observed to prevent σB 
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activity posttranslationally, not effecting the transcription of rpoF (Ringus et al. 2013).  
The downregulated ncRNAs included encode for RsaA, T-box and the FMN riboswitch.   
The close homology of core genes within the σB operon (Figure 4.1) along with 
the high efficacy of FPSS in L. monocytogenes and B. subtilis, supports further 
investigation for the application of FPSS in S. aureus.  The concentration and application 
time of the small molecule was set at 64μM and 15 min followed by 15 min of applied 
osmotic stress.  Additional stressors and exposure times are necessary to fully elucidate 
the efficacy of FPSS in S. aureus.   
 
4.4 Conclusion 
The σB regulatory network for stress response in MRSA was defined.  Increased 
osmotic conditions (10% NaCl) were used to induce a stress response.  The σB regulon 
was defined by comparing the transcriptomic response of MRSA JE2 wildtype and 
MRSA JE2 rpoF::TnT.  RNA-Seq revealed a total of 371 differentially expressed genes 
between the wildtype and rpoF::TnT samples.  Of the 371 genes, 174 genes were 
downregulated in the JE2 rpoF::TnT suggesting positive regulation by σB.  Regulators for 
virulence (agr, sar) and antibiotic resistance (tetR, marR) were differentially expressed.  
The lack of a functioning σB results in lowered tolerance for specific stressors.  JE2 
rpoF::TnT had a lowered MIC for NaCl concentration compared to the wildtype.  
Targeting this regulatory network with therapeutics is an alternative route to antibiotics.  
The use of a small molecule compound, FPSS, for σB inhibition in MRSA was proposed 
here.  FPSS has been effective in limiting σB regulation in L. monocytogenes and B. 
subtilis.  FPSS exposure resulted in a lowered NaCl MIC comparable to the rpoF::TnT 
strain.  However, RNA-Seq revealed the conditions applied here for FPSS had limited 
effect on the transcriptomic activity of σB regulation.  Only 2 genes were shared between 
the rpoF::TnT and FPSS treated samples compared to the wildtype.  Further investigation 
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5.1  Introduction 
There are an estimated 9.4 million cases of foodborne disease from known agents 
annually in the United States (Scallan et al. 2011). A safer food supply and reduction of 
foodborne disease are clear priorities in the United States as evidence by the Food Safety 
Modernization Act (FSMA) signed into law in 2011.  Among the focal points of the 
FSMA is a mandate to enhance the capacity and competencies of state and local health 
agencies in order to facilitate better communications to and from federal agencies such as 
the Center for Disease Control (CDC) and Food and Drug Administration (FDA) (Taylor 
2011).  Enhancing this relationship will require modernized undergraduate and graduate 
education programs that build capacity to meet both regulatory and food industry food 
safety personnel needs. 
Up-to-date curricula in Food Science that emphasize critical thinking and problem 
solving skills are pivotal to meeting the increasing needs of industry and government.  
The Institute of Food Technologists (IFT) has defined standardized levels of core 
competencies that must be addressed by accredited institutions in the areas of Food 
Chemistry, Processing, Microbiology, Nutrition, and Sensory (IFT 2005).  As 
undergraduate programs in Food Science continue to grow, specialization in the core 
competencies is seemingly a new trend. It is critical that Food Science undergraduate 
curricula reflect cutting edge science and processes used by industry and government, 
particularly in trending.  Our groups recently developed and refined a peer reviewed Food 
Safety Core Curricula (Johnston et al. 2014). Professionals within the field were polled 
for their opinions on necessary competencies to define the objectives and focal points of a 
Food Safety Curricula.  Major themes that emerged as core competences were (i) food 
production, manufacturing, retail and consumer level food safety, (ii) foodborne hazards, 
(iii) public health, (iv) legislation and policy, and (v) communication and education. 
Molecular-based rapid detection methods as well as the ability to characterize 
foodborne pathogens beyond phenotype are foundational in food safety monitoring 
programs.  Regulatory agencies and industry alike are more dependent on molecular-
based detection systems as opposed to classic culture methods, which often require days 
for conclusive test results.  Increased use of rapid detection methods for detection of 
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foodborne pathogens and spoilage microorganisms includes molecular based assays, due 
in part to their increased ease of use and lower cost. Nucleic acid-based assays are among 
the most utilized rapid detection methods; this is underscored in a recent review article 
(Wiedmann et al. 2014).  It is pivotal that professionals in food safety and microbiology 
are adept at performing and understanding how these assays work for proper and accurate 
implementation and use.  Polymerase chain reaction (PCR) is the foundational method of 
most DNA- and RNA-based rapid detection methods.  It has historically been utilized to 
test for the presence of specific sequence traits of known foodborne pathogens as well as 
spoilage organisms (Hill 1996; Scheu et al. 1998).  Derivatives of this method include 
multiplex and real time PCR. Multiplex PCR is the amplification of multiple target 
sequences in the same PCR reaction, which allows for either the identification of several 
different pathogens (Germini et al. 2009) or the identification of different virulence genes 
within a single pathogen (Hu et al. 1999). Real-time quantitative PCR (qPCR) is a more 
rapid, accurate and precise form of PCR that can identify the presence of target 
pathogenic microorganisms within a food system.  Real-time qPCR facilitates 
identification of a specific organism by measuring the “real time” amplification of target 
RNA (quantitative reverse transcriptase -PCR) or DNA (qPCR) indirectly using 
fluorescent probes (Heid et al; 1996, Fortin et al. 2001; Nam et al. 2005).  Select qRT-
PCR methods can detect live organisms, which is important for detecting organisms that 
may actually pose a public health threat as opposed to those that have been killed by 
processing (e.g. thermal kill, sanitizers); an example of this method is detailed using the 
highly prevalent foodborne pathogen, Salmonella (Gonzalez-Escalona et al. 2009).  
Pulsed-field gel electrophoresis (PFGE) is a prime example of a laboratory skill 
needed by state and regional public health agencies working with federal public health 
agencies including the CDC.  PulseNet, an organization facilitated by the CDC, works 
with public health agencies throughout the US and acts as the national foodborne disease 
surveillance network (Swaminathan et al. 2001); PulseNet has expanded to a global 
surveillance network.  The subtyping method utilized by PulseNet nationally and globally 
is PFGE.  The growth and legitimacy of PulseNet and the use of PFGE is supported by (i) 
an increase in identification of outbreak cases and (ii) the number of PFGE profiles 
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submitted in its first 10 years of existence (Gerner-Smidt et al. 2006).  In order for 
laboratories to participate in PulseNet, they must be certified and follow the procedures 
developed by PulseNet for accurate, precise, and reproducible subtyping of isolates for 
subsequent comparisons (Swaminathan et al. 2001; Gerner-Smidt et al. 2006).  PFGE is a 
somewhat labor- and skill-intensive subtyping method that requires training and practice 
to perfect; therefore developing these types of skills early in undergraduate courses is 
ideal.   
The purpose of this study was to develop, implement and evaluate the efficacy of 
materials to teach molecular methods in an undergraduate Food Microbiology classroom.  
In doing so, the overall learning gains as well as the general opinion and receptiveness to 
the developed material was measured.  We hypothesized that basic molecular methods 
such as PCR and PFGE can be effectively integrated and understood in undergraduate 
Food Science curricula, which will subsequently better prepare students for careers in 
food safety and quality.    






Students will be able to demonstrate an understanding of the 
fundamental properties of the Central Dogma 
 Students will be able to list and explain the function of each component 
in a PCR reaction 
 Students will be able to depict and explain the principle of “temperature 
cycling” and its role in synthetic DNA synthesis 
 Students will be able to design primers to target and amplify a specific 
DNA sequence 
 Students will be able to list examples of PCR-based foodborne pathogen 
detection methods currently utilized by the food industry 
FS363 
Laboratory 
Students will be able to extract DNA from bacterial cells using 
methodologies employed in the industry 
 Students will be able to successfully amplify a specific target sequence 
of DNA by PCR from custom primers designed in FS362 
 Students will demonstrate the principles of agarose gel electrophoresis 












Students will be able to demonstrate an understanding of the separation 
of DNA using multiple electrical pulse angle 
 Students will be able to list and explain the function of each component 
in a PFGE reaction 
 Students will be able to depict and explain the principle of differential 
DNA band separation on a resultant gel 
 Students will be able to explain how PFGE is used for epidemiological 




Students will be able to digest DNA by using restriction enzymes and 
standardized extraction methods 
 Students will develop a familiarity with the Chef Mapper XA system, 
technology used by the CDC as well as others involved with Food 
Safety 
 Students will be able to compare varying PFGE samples by analyzing 
their specific band profile on a PFGE generated gel 
 
5.2 Materials and Methods 
5.2.1 Overall Study and Course Design 
The overall goal of implementing PCR and PFGE modules into the Food Science 
curricula at Purdue University was for students to understand the premise and practice of 
key laboratory techniques, which serve as critical procedures employed by governmental 
agencies, academia, and the food industry to track and differentiate foodborne pathogens.  
Each module was divided into specific objectives (see Table 5.1 and 5.2) to deliver clear, 
concise information to students.  The schedule and material organization is represented in 
Tables 5.3 & 5.4. It should be noted that the laboratory schedule was postponed one day 
behind the lecture schedule to allow for an initial introduction to the material.  This study 
was reviewed by Purdue University IRB and granted exemption (IRB protocol 






Participants in this study were students in FS 362 Food Microbiology Lecture 
and/or FS 363 Food Microbiology Laboratory at Purdue University from 2010-2013.  
The two-week modules were conducted in the lecture and laboratory courses 
concurrently, with the PCR module presented first, followed by the PFGE module during 
the last four weeks of the sixteen-week semester.  Prior to the implementation of the 
module, students were given an in-class, ten question, short-answer pre-assessment 
questionnaire in order to gauge their initial understanding of both the theory and practice 
of each technique prior to instruction.  The assessment questionnaires are provided in the 
supplementary information (a). 
In-class interactive activities and lectures were developed and implemented to 
fulfill the developed course objectives (supplementary information e).  The organization 
of the two-week long modules provides guidance for other programs wishing to 
implement similar material into existing Food Microbiology courses. Tables 5.3 & 5.4 
are a visual representation of the schedule organization.  The foundation for a basic 
understanding of the each concept discussed here was first initiated by six 50-minute 
presentations in FS 362 Food Microbiology Lecture (supplementary information b). The 
lectures were further supplemented with several in-class assignments to provide a hands-
on, additional avenue for the students to absorb the material (supplementary information 
d).  These in-class assignments included a restriction enzyme digestion activity, 
designing PCR primers for a defined target sequence, and interpretation of gel images for 
both PCR and PFGE band patterns.
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Table 5.3 PCR Module Schedule/Outline 
 
        




5.2.2 Basic Principles Taught and Evaluated in FS 362 Food Microbiology Lecture 
The PCR and PFGE modules were designed to first effectively teach and evaluate 
students’ ability to learn the theory behind both techniques, followed by actually 
performing the techniques in the laboratory.  Preceding the specific instruction in PFGE 
and PCR, students were given instruction in lecture format on the ‘Central Dogma’, 
which addressed fundamental topics including DNA and RNA structure, replication, 
transcription and translation, the constituents of a prokaryotic gene and how DNA, RNA, 
and protein are exploited in Food Microbiology, both in the context of foodborne 
pathogens and spoilage organisms.  While these topics are taught in biochemistry 
courses, they were reviewed in FS 362 Food Microbiology Lecture as they are 
foundational for PCR and PFGE concepts.  Lectures for each module addressed (i) the 
history of the technique, (ii) the purpose of each step of the technique and what is 
occurring at the molecular level, (iii) what is and how to interpret the output, iv) 
weaknesses and strengths of the method, and (v) application in the food industry. The 
lecture slides are provided in the supplementary information (b). 
 
 
Figure 5.1 PCR products on a 1.5% agarose gel from the 2012 fall academic semester.   
Lanes 1 through 12 are from class section 1, groups 1-6, respectively. Lanes 13 through 




5.2.3 Hands-on Laboratory Exercises 
In the PCR module, a modified version of the Qiagen Blood and Tissue Kit 
(Qiagen, Valencia, CA) protocol and consumables were used to extract genomic DNA 
from L. monocytogenes and/or Salmonella spp.  DNA concentrations were quantified 
using the NanoDrop 2000c (ThermoScientific, Wilmington, DE ).  Primers (IDT DNA, 
Coralville, IA) designed by the students in an in-class primer design activity 
(supplementary information d) were used to amplify hly or invA genes in L. 
monocytogenes and Salmonella spp., respectively.  The remaining PCR master mix 
components and thermocycle conditions are discussed in further detail in the laboratory 
protocols (supplementary information c).  PCR products were visualized by gel 
electrophoresis on 1.5% agarose gels run at 110V for 1.5 hr.  The gel was stained in 
ethidium bromide and an image was captured under UV light (Figure 5.1).   
 
Figure 5.2 PFGE product gel image from the 2012 fall academic semester. 
Lanes 1 through 6 are from class section 1, groups 1-6, respectively.  Lanes 10 through 
15 are from class section 2, groups 1-6, respectively.  
 
In the PFGE module, a modified version of the CDC PulseNet “Standardized 
Protocol for Molecular Subtyping of Listeria monocytogenes by Pulsed-Field Gel 
Electrophoresis (PFGE)” was employed with changes reflected in the laboratory protocol 
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(supplementary information c) to accommodate laboratory class times. L. monocytogenes 
isolates collected from retail deli environments (unpublished study) were selected to 
ensure that different PFGE banding patterns would be visualized to represent different 
strains within the same species.  It should be noted that one divergence from the CDC 
PFGE protocol was that the students only used one restriction enzyme, ApaI (New 
England BioLabs, Ipswich, MA) as opposed to two enzymes (ApaI and AscI) due to time 
constrains.  Following electrophoresis, the gel was stained in ethidium bromide and 
visualized with UV light (Figure 5.2). 
 
5.2.4 Food Safety Applications of PCR-based Methods and PFGE 
Following introduction of the theory and principles of each module and during 
performance of the procedures in the laboratory, the students were introduced to the 
applications of the methods within various sects of professional Food Safety. In terms of 
PCR, more complex applications beyond standard PCR were explored including 
multiplex PCR and qRT-PCR for specific and rapid detection of foodborne pathogens in 
food products.  The use of these methods by the food industry and governmental 
agencies, as well as with the development and method design stemming from academia, 
were discussed.   With regards to PFGE, the role and overall scheme of the PulseNet 
organizations coordinated through the CDC, as well as worldwide health agencies, was 
introduced.  The communication between participating laboratories in the PulseNet 
network underscores the need for a standardized PFGE protocol and database.  
 
5.2.5 Module Summary and Post-assessment 
Upon completion of each module, a short review was given to reassert the 
learning objectives.  The modules culminated in an in-class post-assessment evaluation 
(supplementary information a) in order to capture a quantitative measure of the learning 
gains for each student and the class as a whole from both lecture- and lab-based modules.  
Pre- and post-evaluations were the same questions to assess post-instruction learning 
gains.  With the exception of 2010 PCR post-instruction evaluation, neither pre- nor post-
evaluations were graded for course credit. 
181 
 
Table 5.5. Least squared mean change by module, course, and year 





PCRe Lecture 2010 54f 31.8 ± 18.1 83.9 ± 16.9 52.2 ± 21.9 0.76 ± 0.30 
PCR Lecture 2011 14 29.3 ± 22.3 83 ± 9.6 53.7 ± 25.5 0.72 ± 0.20 
PCR Lecture 2012 31 23.9 ± 17.6 53.2 ± 17.8 29.4 ± 21.4 0.36 ± 0.29 
PCR Lecture 2013 27 27.5 ± 13.4 64.8 ± 13.8 37.3 ± 18.7 0.50 ± 0.24 
PCR Lecture allg 126 28.6 ± 17.7 72.2 ± 20.5 43.6 ± 23.6 0.60 ± 0.32 
PCR Lab 2010 27 21.3 ± 15.1 59.9 ± 17.4 38.6 ± 19.4 0.49 ± 0.23 
PCR Lab 2011 45 43.4 ± 20.0 90.8 ± 8.5 47.4 ± 20.1 0.82 ± 0.19 
PCR Lab 2012 34 23.2 ± 15.9 57.6 ± 18.1 34.4 ± 17.3 0.45 ± 0.23 
PCR Lab 2013 37 19.5 ± 13.7 37.1 ± 16.7 17.6 ± 14.1 0.19 ± 0.26 
PCR Lab all 143 28.3 ± 19.5 63.2 ± 25.6 34.9 ± 21.1 0.50 ± 0.33 
PCR Combinedh 2010 81 28.3 ± 17.8 75.9 ± 20.4 47.7 ± 22.0 0.67 ± 0.30 
PCR Combined 2011 59 40.1 ± 21.2 89 ± 9.3 48.9 ± 21.4 0.80 ± 0.19 
PCR Combined 2012 65 23.5 ± 16.6 55.5 ± 17.9 32 ± 19.4 0.41 ± 0.26 
PCR Combined 2013 64 22.9 ± 14.1 48.8 ± 20.7 25.9 ± 18.8 0.32 ± 0.29 
PFGEi Lecture 2011 56 9.8 ± 10.9 75.8 ± 18.8 66.0 ± 19.5 0.73 ± 0.22 
PFGE Lecture 2012 39 15.9 ± 11.9 49.7 ± 16.6 33.8 ± 19.5 0.38 ± 0.26 
PFGE Lecture 2013 29 12.7 ± 9.9 35.7 ± 12.7 23.0 ± 13.3 0.26 ± 0.15 
PFGE Lecture all 124 12.4 ± 11.2 58.2 ± 23.7 45.9 ± 26.1 0.51 ± 0.30 
PFGE Lab 2011 44 57.7 ± 18.8 97.2 ± 8.3 39.5 ± 20.3 0.93 ± 0.19 
PFGE Lab 2012 33 33.9 ± 19.2 55.8 ± 21.2 21.8 ± 19.8 0.34 ± 0.32 
PFGE Lab 2013 39 26.4 ± 13.5 50.0 ± 19.0 23.6 ± 14.9 0.32 ± 0.23 
PFGE Lab all 116 40.4 ± 22.1 69.5 ± 27.3 29.1 ± 20.1 0.56 ± 0.38 
PFGE Combined 2011 100 30.8 ± 28.1 85.2 ± 18.4 54.4 ± 23.8 0.82 ± 0.23 
PFGE Combined 2012 72 24.2 ± 18.0 52.5 ± 19.0 28.3 ± 20.4 0.36 ± 0.29 
PFGE Combined 2013 68 20.6 ± 13.8 43.9 ± 17.9 23.4 ± 14.2 0.30 ± 0.20 
a%Pre-Score = [(pre-score/20)*100] ± standard 
deviation    
b%Post-Score = [(post-score/20)*100]  ± standard deviation;   
c%Absolute Gain = {[(post-score - pre-score)/20] *100}  ± standard 
deviation   
dNormalized Change = [(post-score - pre-score)/(20 - pre-score)]  ± standar  
deviation   
ePolymerase chain reaction      
fNumber of students who completed both pre- and post-instructional assessments;  
gPooled responses from all years module was taught (PCR 2010-2013; PFGE 2011-
2013)  
hPooled responses from both Lecture and Lab participants   




5.2.6 Statistical Analysis 
Student scores on pre- and post-instruction assessments were scored to determine 
if integration of the modules increased student knowledge of molecular methods.  It 
should be noted that pre- and post-instruction assessments are the exact same and are 
represented in one form in supplementary information a.  Average absolute gains were 
determined by averaging individual student gains (post - pre = absolute gain) for each 
grouping of interest. Normalized change (c)—a modification on Hake’s normalized 
gain—for each student was calculated as described by Marx & Cummings (2007). In 
brief: 
If post > pre, then c = (post-pre) / (20-pre) 
If post = pre = (20 or 0), then drop. 
If post < pre, then c = (post-pre) / pre.  
Where 20 was the maximum score on each assessment. 
Students who did not complete either a pre- or post-assessment were excluded from 
analysis.  A generalized linear model (GLM) using least squared means (LS means) 
analysis of covariance (ANCOVA) was employed to identify potentially significant 
effects on student learning from the module integration.  Student learning was considered 
“high” when c was > 7.0 (Hake 1998). Statistical analysis was performed using SAS v 
9.3 (SAS Institute, Inc., Cary, NC).  
 
5.3 Results and Discussion 
5.3.1 Pre- and Post-instruction Learning Gains 
Module efficacy was evaluated based on pre- and post-instruction assessments.  
Student participation in the developed modules proved to increase the understanding of 
both module concepts. Moderate normalized gains were observed for both PCR lecture 
and lab settings (0.60 ± 0.32 and 0.50 ± 0.33) and PFGE (0.51 ± 0.30 and 0.56 ± 0.38) 
(Table 5.5).  Mean normalized gains corresponded to average absolute gains (gains 
reflected in student grades) ranging from 29 to 46 percentage points in each learning 
environment (43.6% ± 23.6% PCR Lecture; 34.9% ± 21.1% PCR lab; 45.9% ± 26.1% 
PFGE Lecture; 29.1% ± 20.1% PFGE lab) (Table 5.5). Class average scores increased 
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from pre-instruction assessment (pre-score) to post-instructional assessment (post-score) 
for each module (PCR and PFGE), course (FS362-Lecture and FS363-Lab), and year 
tested (Table 5.5, Figure 5.3a).  The increase in knowledge and understanding of 
molecular techniques supports the integration of these modules into food science 
curricula through the methods described here.  Student learning gains varied by course 
environment, where normalized change in PCR lecture course (clect = 0.60) was 0.095 
(Tukey’s studentized range 95% confidence limits: 0.089, 0.100) greater than PCR lab 
course (clab = 0.50) with the reverse result in the PFGE module (clect = 0.51, clab = 0.56, 
cdiff = 0.048; CI95 = 0.043, 0.053) (Table 5.5, Figure 5.3a).  Mean pre-score in the PFGE 
lab course (40.4% ± 22.1%) was notably higher than lecture mean pre-score (12.4% ± 
11.2%), likely due to material being introduced during the lecture course, before 
distribution of the pre-instructional assessment in the lab course, which many students 
study concurrently (Table 5.5, Figure 5.3bd).  Lecture and lab pre-scores in the PCR 
module (28.6% and 28.3%, respectively) lacked the large difference likely as (i) students 
were more likely exposed to PCR techniques in the prerequisite microbiology 
coursework and therefore scored higher on PCR lecture pre-assessments than PFGE pre-
lecture assessments and (ii) the PCR lab assessment questions focused on applying 
primer design strategies which were not included in the lecture material presented before 
lab pre-assessments were given resulting in lower lab pre-scores (Table 5.5, Figure 
5.3ad).  Mean student pre-scores from lecture in both units (28.6% PCR, 12.4% PFGE, 
Table 5.5, Figure 5.3a), were lower than pre-scores observed by others in entry-level 
biology and chemistry lecture courses where mean pre-scores were observed at 36.6% 
and 41.7% respectively (Smith & Knight 2012, Pentecost & Barbera 2013). These 
comparatively low pre-scores demonstrate students’ lack of knowledge concerning PCR 
and PFGE, and support the inclusion of the developed materials to give students working 
knowledge of molecular techniques important to the food industry. 
Individual student learning varied between modules, but largely reflected 
improved understanding of module content.  Of the 269 students completing both pre- 
and post-assessments for the PCR module in lecture or lab, only 10 (3.7%) decreased in 





Figure 5.3  
These figures demonstrate relationships between class average pre-score (%) and average normalized change.  The data in panel 
(a) shows the cumulative relationships among module, course, and year; panel (b) shows the specific relationship between the 
class average pre-score (%) relationships to average normalized change for the two courses irrespective of the module and year; 
panel (c) shows the specific relationship between class average pre-score (%) relationships to average normalized change by year; 




Table 5.6 Individual student learning change grouped by level as defined by Hake 1998   
Module Course Year Decreaseda Lowb Moderatec Highd Incompletee 
PCRf Lecture 2010 1.9 (1/54)g 1.9 (1/54) 24.1 (13/54) 72.2 (39/54) 4 
PCR Lecture 2011 0 (0/14) 7.1 (1/14) 21.4 (3/14) 71.4 (10/14) 52 
PCR Lecture 2012 6.5 (2/31) 25.8 (8/31) 61.3 (19/31) 6.5 (2/31) 35 
PCR Lecture 2013 3.7 (1/27) 7.4 (2/27) 74.1 (20/27) 14.8 (4/27) 22 
PCR Lecture subtotal 3.2 (4/126) 9.5 (12/126) 43.7 (55/126) 43.7 (55/126) 113 
PCR Lab 2010 0 (0/27) 22.2 (6/27) 59.3 (16/27) 18.5 (5/27) 31 
PCR Lab 2011 2.2 (1/45) 0 (0/45) 13.3 (6/45) 84.4 (38/45) 1 
PCR Lab 2012 2.9 (1/34) 26.5 (9/34) 55.9 (19/34) 14.7 (5/34) 10 
PCR Lab 2013 10.8 (4/37) 56.8 (21/37) 32.4 (12/37) 0 (0/37) 7 
PCR Lab subtotal 4.2 (6/143) 25.2 (36/143) 37.1 (53/143) 33.6 (48/143) 49 
PCR Combinedh subtotal 3.7 (10/269) 17.8 (48/269) 40.1 (108/269) 38.3 (103/269) 162 
PFGEi Lecture 2011 1.8 (1/56) 0 (0/56) 32.1 (18/56) 66.1 (37/56) 10 
PFGE Lecture 2012 5.1 (2/39) 20.5 (8/39) 71.8 (28/39) 2.6 (1/39) 27 
PFGE Lecture 2013 0 (0/29) 51.7 (15/29) 48.3 (14/29) 0 (0/29) 20 
PFGE Lecture subtotal 2.4 (3/124) 18.5 (23/124) 48.4 (60/124) 30.6 (38/124) 115 
PFGE Lab 2011 0 (0/44) 4.5 (2/44) 2.3 (1/44) 93.2 (41/44) 2 
PFGE Lab 2012 9.1 (3/33) 33.3 (11/33) 51.5 (17/33) 6.1 (2/33) 11 
PFGE Lab 2013 5.1 (2/39) 43.6 (17/39) 48.7 (19/39) 2.6 (1/39) 5 
PFGE Lab subtotal 4.3 (5/116) 25.9 (30/116) 31.9 (37/116) 37.9 (44/116) 76 
PFGE Combined  subtotal 3.3 (8/240) 22.1 (53/240) 40.4 (97/240) 34.2 (82/240) 191 
Bothj Lecture subtotal 2.8 (7/250) 14 (35/250) 46 (115/250) 37.2 (93/250) 228 
Both Lab subtotal 4.2 (11/259) 25.5 (66/259) 34.7 (90/259) 35.5 (92/259) 125 
Both Both  Overall 3.5 (18/509) 19.8 (101/509) 40.3 (205/509) 36.3 (185/509) 353 
ac ≤ 0.0; pre-score > post-score; b 0.0 < c < 0.3; c 0.3 ≤ c <0.7; dc ≥ 0.7; eStudent failed to complete either pre- or post-instruction assessment and were 
dropped from analysis; fPolymerase chain reaction; gPercentage (number of students in change category/total respondents in class); hRespondents pooled for 





demonstrated high normalized gains, (103/269; 38.3%), improving individual scores by 
70% or more (c ≥ 0.7) of total possible improvement (Table 5.6, Figure 5.4).  High 
individual gains were more frequent from students in the PCR lecture course (55/126; 
43.7%) than the lab (48/143; 33.6%).  During the PFGE module instruction, 34.2% 
(82/240) of students demonstrated high gains between both instructional formats, where 
30.6% (38/124) and 37.9% (44/116) students achieved high gains in the lecture and lab 
courses, respectively (Table 5.6, Figure 5.5). 
 
5.3.2 Other Factors May Impact Learning Gains 
When considering either average gains in a class or individual student gains from 
module instruction, it is best to consider other factors that may influence the observed 
improvement in concept mastery. Hake (Hake 1998) proposed normalized gain, as 
opposed to absolute gain, which is independent from pre-test score and therefore better 
evaluated student learning independent of baseline knowledge; Marx & Cummings 
(2007) modified normalized gain to normalized change to better evaluate individual 
student learning.  In this study, normalized change correlated to pre-score for class 
averages in either module (Pearson’s Rho =0.60, p=0.0233) and marginally to individual 
pre-scores in both modules (PCR Rho=0.13, p=0.0673; PFGE Rho=0.36, 
p<0.0001).  Specifically, students who performed better on the pre-instruction evaluation 
were more likely to perform better on the post-instruction evaluation.  Observation of this 
correlation here but not in previous studies (Hake 1998, Marx & Cummings 2007, Smith 
& Knight 2012) is likely due to differences in assessment tool design. The pre- and post-
module assessments here were 10-question, short answer quizzes, which inherently limit 
the success of “guessing” unlike multiple choice where guessing may be upwards of 20% 
successful in some instances. As well, the small maximum score (20 points) provided 
limited resolution between student concept mastery levels compared to the standardized 
assessments used by Hake where the elevated scoring scale from hundreds of questions 
decreased likelihood that students would obtain the maximum score and distinguishes 
student understanding at a finer level (Hake 1998). When developing materials that 
include molecular methods for a food science curricula, the observed correlation has 
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limited importance as students at all levels of pre-test scores demonstrated learning gains 
(Table 5.6, Figures 5.4 and 5.5). 
Implementing and assessing PCR and PFGE modules over several years of 
instruction provides some insight into the potential capacities of each academic year’s 
student body.  In addition to module and course environment, we observed that year 
impacted individual student normalized change where each module-course-year 
combination (e.g. PCR Lecture 2010) had significantly different mean normalized change 
by Tukey’s adjusted studentized t-test (where α=0.05) (Table 5.5).  The lowest 
normalized gain occurred during the 2013 PCR Lab class (0.19 ± 0.26) and greatest 
normalized gain occurred in the 2011 PFGE Lab course (0.93 ± 0.19) (Table 5.5, Figure 
5.3c).  Given that the material from year to year was relatively conserved, the same 
lecture materials were utilized and the overall medium of delivery was the same, apparent 
differences from year to year were not expected.  Thus, the differences among years 
should be taken into consideration by institutions that may integrate these modules into 
their programs. 
 
Figure 5.4   
This graph shows the relationship between individual student normalized change and % 
pre-score by course, year, and module.   





The design of the assessments varied between modules and settings (laboratory 
compared to lecture.  The PCR lecture and laboratory had 30% and 20% more conceptual 
questions, respectively, than their PFGE counterparts.  The lecture setting for PCR and 
PFGE had 20% and 10% more conceptual questions, respectively, than their laboratory 
counterparts.  When taking into consideration the core curricula required of all Food 
Science undergraduate students at Purdue University, all students are required to have a 
passing grade in an introductory microbiology course.  It is in this course that they have 
first exposure to biochemical processes including DNA replication, polymerases, and 
PCR itself.  Although restriction enzymes, a key concept in PFGE, are taught in 
biochemistry and microbiology curricula, the complexities of multi-angled 
electrophoresis are not. Additionally, students are encouraged to pursue undergraduate 
research experiences where they may be exposed to molecular methods. There are six 
research laboratories in the Food Science Department at Purdue University that routinely 
use PCR, but only one laboratory utilizes PFGE.  Increased exposure to prerequisite 
material for understanding PCR may contribute to the elevated mean pre-module PCR 
scores (28.6%) compared to PFGE (12.4%) in the lecture course (Table 5.5). One notable 
outlier is a student who scored 70% on the PFGE lecture pre-test (Figure 5.3) who was 
later identified as having previously worked in a lab that uses PFGE methods.  
The level of interaction, time and energy allocated to each module was equal.  
However, the PFGE module had two in-class interactive assignments whereas PCR 
module had one in-class assignment.  More focus was placed on interpretation and the 
process of restriction enzyme digestion for PFGE while primer design was the focal point 
for PCR.  The aforementioned discrepancies between module and setting designs may 
have attributed to learning rates and efficacies within years, across modules and settings.  
 
5.3.3 Laboratory Results 
In addition to measuring learning gains through pre- and post-assessment, the 
success of the students’ activities in the laboratory-based course was qualitatively 
measured through procedural results.  Figure 5.1 shows an example of the PCR reactions 
performed in laboratory by the students in 2012 A total of 4 out of 12 groups showed 
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bands on the gel in this example for a success rate of 33%.  While the ultimate goal is 
100% success rate for all student groups in their PCR reactions, lack of success in this 
case allows for discussion amongst groups to troubleshoot and hypothesize error root 
cause.  Figure 5.2 is an example of the PFGE gel from 2012.  In the example provided, 
there are banding patterns present in 11 of 12 lanes used on the gel (one for each group) 
for a success rate of approximately 92%. The opportunity to discuss negative or 
inconclusive results was an important learning opportunity in this module as well.  Band 
smearing and fragmentation as well as the presence/absence of bands allowed for an in-




Figure 5.5  
This graph shows the relationship between individual student normalized change and % 
pre-score by course, year, and module.   






Implementation of molecular techniques into an undergraduate Food 
Microbiology curriculum was successful based on the metrics presented here as 
demonstrated by significant student learning gains.  In general, the students were 
receptive to learning advanced techniques used by food safety regulatory agencies and 
industry. Their interest in learning these techniques aided in the positive outcome of this 
study but also speaks to the necessity and importance of updating Food Microbiology 
curricula.  The modules provided here, specifically the supplementary information on 
lecture design and laboratory protocols, provide a validated starting point and template 
for other instructors looking to implement these techniques into their curricula. Recent 
advancements in whole genome sequencing (WGS) indicate that it will be the next rapid, 
precise, and economical choice to support outbreak investigations and to track potentially 
persistent organisms in the food continuum.  This was confirmed by an agreement 
between FDA and Illumina (a leading developer in sequencing technologies) increase 
WGS capacity in regulatory agencies, which signals food microbiology curricula will 
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The Center for Disease Control and Prevention (CDC) estimates there to be an 
annual occurrence of 9.4 million cases of known foodborne disease in the United States 
attributed to 31 major pathogens.  Of these 9.4 million illnesses, 55,961 and 1,351 cases 
required hospitalization and/or result in death, respectively (Scallan et al. 2011).  The 
overall economic burden is estimated to be 77.7 billion dollars annually (Hoffmann & 
Anekwe 2013; Scharff 2012).  In 2013, the CDC investigated 220 potential multi-state 
outbreaks and identified and confirmed 50 sources, which resulted in food recalls 
(http://www.cdc.gov/foodsafety/outbreaks/multistate-outbreaks/index.html).  Foodborne 
disease cases require a wide range of expertise to identify the cause, to prevent additional 
cases and to prevent reoccurrence.  For example, experts in microbiology, epidemiology, 
food processing, and bioinformatics routinely work together to resolve foodborne disease 
outbreaks.  As an example, a large multi-state outbreak involving Salmonella 
Typhimurium and Salmonella Newport contaminated cantaloupe occurred in 2012.  The 
CDC, Food and Drug Administration, state and local health agencies, retail food chains, 
and melon growers/producers worked together to identify the source of the 
contamination. The process of identifying the source of the Salmonella was complicated 
by (i) identifying which type of melon was causing disease (i.e. watermelon, cantaloupe, 
or both), (ii) epidemiological methods (e.g. a common PFGE profile among Salmonella 
Typhimurium isolates related and unrelated to the outbreak) and (iii) traceability of 
product from primary production to consumer.  The FDA outlined steps taken by all 
agencies to stop the outbreak (Available at: 
http://www.fda.gov/Food/RecallsOutbreaksEmergencies/Outbreaks/ucm341476.htm).  
The dynamics of this outbreak are an excellent real life case study example for food 
safety professionals and particularly for individuals who are training in the field of food 
safety and epidemiology. 
Despite a considerable need for food safety experts in industry and regulatory 
capacities, there are limited collegiate programs currently offered that are specifically 
designed to develop these individuals. In recent years, food safety professionals have 
been approached to define specific job tasks (Linton et al. 2011) and curricula core 
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competencies (Johnston et al. 2014) with aims to develop more robust education 
programs.  By defining the required or expected knowledge and skill set, collegiate 
courses, workshops, and other training exercises can be developed.  In tandem with 
defining proper training programs, increased awareness for food safety education 
programs must take place.  Wachenheim & Beauchamp (2013) surveyed college 
economic students for their perceptions of the discipline.  A lack of understanding was 
observed involving where food safety concerns would arise in the food continuum and 
what knowledge base would be required of students in food safety (Wachenheim & 
Beauchamp 2013).  Given the challenges of limited general public awareness inferred 
from this study, a more thorough program in food safety may drive an increase in interest 
through education.  Such programs must provide not only the knowledge base but also 
the intellectual skills to solve complex problems.   
Critical thinking capacity has been identified as a high-priority skill by employers 
(Johnston et al. 2014; Morgan et al. 2006).   Critical thinking skills are foundational to 
each of the sub-disciplines that collectively make up “food safety” (e.g., epidemiology, 
microbiology), which underscore a need to develop these skills in undergraduate courses.  
Case study-based courses are an alternative way to present students with practical, 
interactive instructional materials that requires participation and develops critical 
thinking skills.  The presentation of specific ‘cases’ where students work through a 
problem stepwise together has been observed to be more appealing and effective for 
students (Gallego et al. 2013).  The employment of a knowledge base for stepwise 
solving of a specific problem or set of circumstances is the theme of a case study based 
course (Brooke 2006). Outcomes of this course style include nurtured critical thinking 
skills and heightened student engagement (Marcisz & Woien 2010). 
 The overall intent of this study was to develop and implement a course that (i) 
provides an understanding of biological and transmission characteristics of different 
foodborne pathogens, (ii) conceptually utilizes the current methods used to detect and 
subtype foodborne pathogens and (iii) identifies the causes and mechanisms of food 
contamination in different parts of the farm to fork continuum.  Our goal was to develop 
core competencies in epidemiology and microbiology in future food safety professionals 
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to help them be more prepared to prevent, solve and explain practical food safety 
challenges. The specific purpose of this paper is to assess the efficacy of a case study 
module-based course for upper division and graduate-level students interested in food 
safety. 
 
6.2 Materials and Methods 
6.2.1 Course Objectives 
This course was designed as a multi-institution, case study based course, using 
food safety and epidemiology as platforms to develop critical thinking skills.  The course 
was designed for upper division undergraduate and graduate students from Food Science, 
Food Microbiology, Animal Science and similar disciplines that study food safety.  The 
learning objectives for the course were for students to: 
1. Discriminate between the environmentally transmitted pathogens that may 
contaminate a food during production/handling (e.g., before, during and after 
harvest) and associated foodborne diseases. 
2. Evaluate the primary methods used to detect and subtype foodborne pathogens. 
3. Describe the causes and mechanisms of food contamination in various food-
associated environments, and apply this knowledge to solving problems related to 
contamination of food. 
4. Integrate and apply core competencies in epidemiology and microbiology to 
solve/explain practical food safety problems. 
5. Apply critical thinking, problem solving and systems analysis skills to new 
situations. 
6. Develop a case study learning module and supporting materials. 
All course materials are available upon request to the authors. 
6.2.2 Course Design and Format 
  Experts in food safety from four institutions (Purdue University, Texas Tech 
University, North Carolina State University, and Cornell University) jointly designed a 
mixed-model two credit hour 12-week course taught at four institutions including two 
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locations at Cornell University.  This study was reviewed by Cornell University IRB and 
granted exemption (IRB protocol #1302003637) with letters of support from Purdue and 
Texas Tech Universities.  A total of 25 students were enrolled in the course.  Specifically, 
Purdue (n=4), Cornell (n=11), and Texas Tech Universities (n=8); no students were 
enrolled at North Carolina State University. Students were admitted only with instructor 
approval based on completion of prerequisite general microbiology and food 
microbiology (or closely related) courses, previous experience in food safety was not 
required.  A faculty member and an advanced graduate student with significant 
experience in food safety served as an instructor and teaching assistant, respectively, at 
each institution with students enrolled in the class.  Lectures and case scenarios were 
presented concurrently to students at all universities using the Polycom (San Jose, CA) 
videoconference systems.  This allowed all students at all universities to interact with 
their peers and all instructors during in-class working periods and student-developed case 
study presentations. Case studies and results created from each university were blinded.    
Weekly conference calls were held between instructors and TAs to go over the logistics 
of each case study.  The course met for one hour and fifteen minutes once a week and 
student teams at each institution were expected to meet outside of the classrooms no less 
than once per week to work on case studies. Team meetings outside of course hours were 
not tracked by the instructors.  Case study scenarios were presented to the class during 
videoconference meeting sessions by the instructor who developed the case.  Self-
assigned student groups with 3-5 persons per group were retained throughout the 
semester. Student groups met outside the class to work through each case study and to 
determine what data they would need to request from the instructors at the next class 
meeting in order to solve the case.  Each case study required three weeks to complete.  
The course began with an overview lecture on (i) epidemiology terminology and 
definitions; (ii) problem solving and analysis strategies; (iii) foodborne illnesses and the 
microorganisms that cause them; (iv) the regulatory agencies responsible for food safety 
and public health; and (v) molecular methods in food microbiology and epidemiology 
that help identify and solve foodborne disease outbreaks.  An introductory case study was 
presented to demonstrate the general processes of a foodborne disease outbreak case 
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study investigation.  Preceding each of the four case studies outlined below, relevant peer 
reviewed literature was provided to the students as supplemental information on the 
methodologies and foodborne pathogen(s) involved in each case study.  After completing 
a series of four case studies, students at each institution were charged with designing their 
own foodborne disease outbreak case study.  Social media and microblogging service 
Twitter®, pre- and post-case study assessments, and a final assessment were used to 
facilitate student interaction and assessment as described below.   
6.2.3 Case Study 1 
Instructors at University B developed the first case study.  The main objectives of 
this case study were to introduce students to DNA fingerprinting methods, sampling 
plans, and food safety challenges that can result during primary production on a farm.   In 
this scenario, a hypothetical statewide foodborne disease outbreak occurred involving 10 
patients with hemolytic uremic syndrome (HUS) or hemorrhagic colitis (HC), all with an 
onset in the month of April.  Based on these symptoms, students were charged with 
identifying a pathogen(s) that could cause these symptoms. Hypothetical evidence 
collected during the outbreak investigation was provided to students included patient 
characteristics (age, type of illness, location) and pulsed field gel electrophoresis (PFGE; 
DNA fingerprints) patterns of the human clinical isolates upon their request.  Early in the 
case study, students were provided an operations map of the farm suspected to be 
responsible for the outbreak.  A scenario was introduced from the perspective of the 
Texas Public Health Department investigating lettuce produced at this farm.  Students 
were challenged to identify the deficiencies of the layout and operation procedures from 
the farm as well as the distribution chain of the products the farm produced.  The students 
were then asked to assess and propose possible sources of the pathogen from the 
environment and develop a sampling plan to confirm. The following class period, 
simulated sampling results were supplied to each student group. The students used root 
cause analysis to propose the source of contamination and next steps to mitigate and 
prevent the public health risk.    
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6.2.4 Case Study 2 
  Instructors at University A developed the second case study.  The main objectives 
of this case study were to identify and resolve food safety challenges in food processing 
plants.  A hypothetical multi-state outbreak of Salmonella Montevideo (329 cases across 
43 states) over 6 months was introduced.  Tools for investigating the outbreak included 
patient characteristics (age, gender, domestic situation, dietary restrictions, history), 
PFGE fingerprint band pattern profiles and whole genome sequences of food and clinical 
isolates.  After the student groups met after week one, they were provided a product flow 
diagram of a commercial ready-to-eat deli meat company suspected in the outbreak.  
Students and instructors discussed the production facility, processing and employee 
history, and ingredient sourcing of the company.  Students were asked to develop a 
sampling plan for the facility based on schematics. A root cause analysis and suggestions 
for mitigation strategies to eliminate and/prevent future contaminations and therefore 
potential outbreaks were developed by each group.   
6.2.5 Case Study 3 
The instructor at University D developed the third case study.  The purpose of this 
case study was to investigate a hypothetical outbreak of norovirus in a retail food 
handling system while highlighting the role of epidemiological analysis in foodborne 
outbreaks. The case study also emphasized the significance of norovirus in foodborne 
disease as well as prevention and control methods of norovirus within retail facilities. A 
hypothetical county-wide outbreak was designed following two separate social events, 
both linked to a common food vendor for local restaurants.  Commonalities between both 
events, characteristics of patients and their symptoms, and timeline were defined.  The 
student groups were asked for an action item list to identify the causative agent given the 
symptoms and simulated fecal sample results from cases.  Following identification of the 
likely etiological agent (norovirus), the students were provided a large set of possible 
scenarios, including restaurant employees and foods as suspected sources of norovirus. 
The suspected vehicle was identified by calculating attack rates and risk ratios (RR) by 
comparing the exposed group with the unexposed group to a list of menu items.   The RR 
198 
 
calculation provided a tool to identify the most probable causative agent.  The RR led to 
the identification of a restaurant, which catered events and acted as host to other patients.  
The students were then walked through environmental assessments of the restaurant, 
additional laboratory results, both of which proved the ultimate source of the outbreak to 
be related to food service employees. Finally, the students and instructor discussed 
corrective actions to mitigate any further outbreak cases, highlighting the role of the food 
handler in retail environments. 
6.2.6 Case Study 4 
The instructors at University C developed the fourth case study.  The overall goal 
of this case study was to investigate and identify a manufacturing facility that was 
predicted to be associated with a listeriosis outbreak as well as increasing student 
capacity to differentiate outbreak and sporadic cases of a foodborne disease during an 
outbreak investigation.  Two hypothetical cases of listeriosis were documented in the 
state of Pennsylvania, which prompted the Pennsylvania State Health Department to 
investigate a potential outbreak.  The students were given and list of listeriosis cases in 
the past year for the state of Pennsylvania, along with PFGE profiles of all human clinical 
isolates.  The students worked in teams to define outbreak cases.  Next, questionnaires 
typically given to patients were distributed and mock results were returned to the 
students.  The questionnaires helped students identify a suspect food linked to most 
patients.  Upon identification of a target food, laboratory results were provided to 
students, which allowed them to link the outbreak to several processing facilities.  The 
students were asked to assess the laboratory results of products and take into 
consideration the design and hygienic status of three different processing facilities in 
order to identify the specific source of Listeria monocytogenes.   Following a group 
critique of all outbreak and laboratory data, a specific food and production site was 
identified.  The student groups were then asked to complete the outbreak investigation by 
creating an action plan to curtail the outbreak and mitigate any further cases.  This plan 
included a recommended recall procedure, follow-up procedures for the production plant, 
and the preparation of a summary report of the outbreak.   
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6.2.7 Student-designed Case Studies 
  Case study development took place over the course of the semester with 
mentorship from the teaching assistants and lecturers.  Each group selected a unique food 
handling or processing environments and foodborne pathogens to service as the basis for 
their case study. A summary, background information, detailed list of steps taken, 
supporting information, and in-class presentation were all assessed for each case study 
and group.  The group members also assessed themselves on their specific level of 
involvement. 
6.2.8 Pre- and Post-assessment and Final Examination of Student Learning Gains 
Cumulative assessments were administered at the beginning of the course prior to 
the basic principles introduction, and on the last day of class. Assessments were 
administered pre- and post-case study activities. These assessments ranged from 6 to 10 
questions each in the format of short answer, matching, fill-in the blank, multiple choice 
and true/false normalized to a total of 10 points possible.  All assessments were 
completed individually; the pre- and post-assessments were designed to evaluate 
students’ abilities at the Knowledge and Comprehension levels of Bloom’s taxonomy.  
The case studies themselves were designed to increase toward higher-level Bloom’s 
cognition (i.e. Analysis, Synthesis, and ultimately Evaluation).  Comparing pre- and post-
scores determined students’ overall learning gains. A final in-class exam was distributed 
at the culmination of the course; the exam was completed individually without 
collaboration amongst the student groups.  The exam consisted of short answer and 
critical thinking questions.  The goal of this exam was to evaluate students’ 
understanding of the key concepts of case studies that took place throughout the semester. 
This included the methods and tests used to investigate a possible outbreak, reviews of 
root cause analyses and case definitions, and providing pitfalls of governmental agency 
investigations.  Finally, the students were asked to respond to a mock foodborne disease 
outbreak.  They were asked to outline their approach and to identify data gaps and 
corrective actions to stop the outbreak.  
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6.2.9 Use of Social Media to Encourage Inter-institution Communication 
All students in the course were required to use the social media platform Twitter 
(Twitter, Inc. San Francisco, CA) (https://twitter.com/) to track topics related to Food 
Safety.  Over the course of the semester, student were required to ‘tweet’ a total of eight 
individual, unique topics, involving the Twitter handle, @FoodSafetyCNCPT, for 
assessment purposes.  Additionally, students were required to sign up for at least two 
food safety emails such as http://barfblog.com/ and http://blog.usfoodsafety.com/.   
Articles available through these food safety listservs were the topic of many student 
discussions on social media. Materials from these articles were discussed in class 
depending on student interest but were not included in course assessments.  
6.2.10 Statistical Analysis 
Individual case study efficacy, as well as the course overall, were evaluated based 
on student scores on pre- and post-instruction assessments, which measured student 
application and mastery of food safety skills.  Average absolute gains were determined by 
averaging individual student gains (post - pre = absolute gain) for each variable of 
interest. Normalized change (c) for each student was calculated as previously described 
(Marx & Cummings 2007): 
If post > pre, then c = (post-pre) / (10-pre) 
If post = pre = (10 or 0), then drop. 
If post < pre, then c = (post-pre) / pre.  
Where 10 was the maximum score on each assessment. 
 
Students who did not complete both pre- and post-assessments were excluded from 
analysis.  A generalized linear model (GLM) using least squared means (LS means) 
analysis of covariance (ANCOVA) was employed to identify potentially significant 
effects on student learning from case study participation (whether or not participation in 
the cause improved (c)), university (home institution of the student), case study origin 
(which university instructors designed the case), and distance communication 
(performance of students who only communicated with instructors via video conference v 
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face-to-face interaction).   Student learning was considered “high” when c was > 0.70, 
“moderate” if 0.30 < c < 0.70, and “low” if c <0.30; (Hake 1998).  Statistical analysis 
was performed using SAS v 9.3 (SAS Institute, Inc., Cary, NC).  
 
6.3 Results and Discussion 
6.3.1 Case Study-based Learning Increased Food Safety Expertise Overall 
Student learning gains from case studies were evaluated based on pre- and post-
instruction assessments.  Student participation in the instructor-developed cases proved to 
increase the understanding and application food safety related skills.  A moderate mean 
normalized change (c) of 0.32 ± 0.35 for all participants observed among every university 
and case study had absolute score gains of 15% ± 19% (Table 6.1).  Considering each 
university*case-study combination a separate class, the class average c ranged from 0.13 
± 0.25 to 0.71 ± 0.23 (8.1% ± 16.0% to 31.7% ± 10.4% absolute gains) among all 
universities and cases observed (Table 6.1, Figure 6.1a).  Eleven students between two 
universities completed the cumulative course assessment with mean normalized gain of 
0.45 ± 0.21 (30.9% ± 13.8% absolute gain) where students averaged 31% on the pre-
course assessment and 63% on the post-instruction assessment (Table 6.1).  University B 
did not complete the cumulative assessment, but all three universities completed 
assignments and assessments for each case study.  Individual student learning varied 
between case studies, but largely reflected improved understanding and ability to apply 
technical skills to identify foodborne outbreak source (Figure 6.2a).  Of the 74 
observations of students completing both pre- and post-assessments among individual 
case studies, in only 14 (18.9%) instances did students obtain lower scores after 
instruction (Table 6.1). As individual pre- and post-case assessments were not graded for 
course credit, it is possible that some students lack motivation to perform at high levels 
and experienced fatigue by the end of class when post-assessments were administered 
resulting in reduced time dedicated to respond to questions compared to pre-assessments 
which were administered at the beginning of class (Hake 2002).  Of students who 
completed the overall semester pre- and post-course assessments, 73% (8/11) had 
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moderate to high individual normalized gains, the remaining three students demonstrated 
low individual normalized gains, but all students improved (Table 6.1, Figure 6.2b).  
 
 
Figure 6.1  
Panel (a) demonstrates the relationships among mean normalized change and mean pre-
score (%) for students grouped by case study and university, where case is represented by 
varying colors and university is noted by shape. Panel (b) shows the specific relationship 
between mean normalized change and mean pre-score (%) for each case study 
irrespective of university.  
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Overall semester assessment data had fewer observations than the case 
assessments as (i) several students from universities A and C were absent on the first day 
of class leaving no comparison of learning gains, (ii) students dropped the course, and 
(iii) pre- and post-semester assessments were not available from university B.  
The increase in knowledge and ability to apply food safety skills supports the 
integration of these cases into food safety and food science curricula through the methods 
described here.  In general, problem-solving and interactive curricula aid in professional 
development.  A comparison of medical students in either conventional/traditional 
curricula or community-oriented, problem-based curricula over two decades exhibited 
benefits to the latter (Mennin et al. 2006).  Medical professionals who were involved with 
the community-oriented, problem-based curricula exhibited a curiosity and motivation for 
continued education, interest in community health, and had a higher success rate for 
patient problem identification (Mennin et al. 2006).  Developing problem-solving skills, 
long-term passion, curiosity and community awareness is an end goal when developing 
professionals in food safety.  The interactive and problem-solving nature of case study 
modules can drive this development and also contributes to general knowledge gain, as 
shown here. 
 
6.3.2 Individual Student Knowledge Increased Post-instruction and Was Influenced by 
Pre-instruction Knowledge 
As evidenced by the previously discussed positive mean normalized change (c) 
for each case study, the least squared mean student score improved 17% (p=0.0001; 
CI95= 13.3%, 21.4%) on post-case assessments compared to pre-instructional tests. It 
should be noted there was a significant (p=0.0001) moderate correlation (Pearson’s Rho 
= 0.48) between pre-test and post-test scores indicating student who performed better on 
pre-instructional assessments achieved largest post-instruction scores. Further there was a 
marginal correlation between individual normalized change (c) and pre-score (Pearson’s 





Figure 6.2  
Panel (a) demonstrates the relationships among individual normalized change and pre-
score (%) for each case study and university pairing where case is represented by varying 
colors and university is noted by shape. Panel (b) shows the specific relationship between 




Similar correlations have been described previously in courses evaluated through 
short-answer format assessments similar to those used here, rather than multiple choice 
standardized exams from which the normalized gain and normalized change calculations 
were developed (Hake 1998; Marx & Cummings 2007; Pleitner et al. 2014). 
 
6.3.3 Case Study and University Had a Significant Impact on Mean Normalized 
Student Learning Change 
Course material was presented as four case studies written by different instructors 
at multiple universities through classroom and distance learning environments.  We 
investigated the impact of case study, university, case study author origin, and distance 
learning environment on student learning—quantified by absolute score and normalized 
change—using a generalized linear model analysis of covariance (p=0.0001; Pearson’s 
Rho = 0.504) and Tukey’s adjusted paired comparison (Figure 6.2a). Mean normalized 
change by case increased over the duration of the semester where the first complete set of 
pre- and post-assessments in case 1 had the lowest mean c (0.20 ± 0.25) and the last post-
assessment (cumulative course evaluation) yielded the greatest mean c (0.45 ± 0.21) 
(Table 6.1, Figures 6.1b, 6.3a). Increased mean normalized change over the semester 
could indicate students’ ability to absorb and apply critical thinking skills to foodborne 
outbreak scenarios improved with experience. Individual student gains somewhat support 
this hypothesis as the frequency of individual students who achieved high normalized 
change (c >0.7) increased from 0% (0/ 22 students) in case study 1 to 31% (4/13 
students) by case study 4 (Table 6.1; Figure 6.2b).  However, another noteworthy trend 
was the frequency of students with decreased scores (pre > post) increased through the 
duration of the semester until in case 4; >30% of students (4/13) decreased after the 
completion of the case study (Table 6.1; Figure 6.2b). It is possible the impact of student 
fatigue on effort to complete post-assessments was exacerbated over the length of the 
















These figures demonstrate the impact of class variables case 
study, case study author origin and distance learning environment 
on the distribution of normalized change response.  The data in 
panel (a) shows the distribution of c by case study; panel (b) 
shows the distribution of c as impacted by case study author 
origin where 1 = local instructor author and 0 = case study 
authored by off-site instructor; panel (c) shows the distribution of 
normalized change where 1 = students in a distance learning 
(video conference) environment and 0 = students in traditional 




Table 6.1 Mean change and individual student learning changes grouped by level as defined by Hake 1998—by case study and 
university 
Case 
Study University Na 









Changef  %Decreasedg 
%No 
Changeh %Lowi %Moderatej %Highk 




24.4 11.5 ± 7.9 0.23 ± 0.15  0.0  (0 / 4) 25  (1 / 4) 25  (1 / 4) 50.0  (2 / 4) 0.0  (0 / 4) 




15.1 16.7 ± 18.1 0.29 ± 0.31  16.7  (1 / 6) 0.0  (0 / 6) 33.3  (2 / 6) 50.0  (3 / 6) 0.0  (0 / 6) 
1 C 12 1 
53.2 ± 
10.8 59.7 ± 8.9 8.0 ± 14.4 0.15 ± 0.24  16.7  (2 / 12) 16.7  (2 / 12) 41.7  (5 / 12) 25.0  (3 / 12) 0.0  (0 / 12) 




14.0 11.0 ± 14.5 0.20 ± 0.25   13.6  (3 / 22) 13.6  (3 / 22) 36.4  (8 / 22) 36.4  (8 / 22) 0.0  (0 / 22) 




11.5 20.0 ± 0.0 0.33 ± 0.00  0.0  (0 / 2) 0.0  (0 / 2) 0.0  (0 / 2) 100.0  (2 / 2) 0.0  (0 / 2) 




10.0 8.1 ± 16.0 0.13 ± 0.25  12.5  (1 / 8) 50.0  (4 / 8) 12.5  (1 / 8) 25.0  (2 / 8) 0.0  (0 / 8) 




23.9 22.2 ± 29.4 0.38 ± 0.45  22.2  (2 / 9) 11.1  (1 / 9) 0.0  (0 / 9) 33.3  (3 / 9) 33.3  (3 / 9) 




17.9 16.1 ± 23.1 0.27 ± 0.36   15.8  (3 / 19) 26.3  (5 / 19) 5.3  (1 / 19) 36.8  (7 / 19) 15.8  (3 / 19) 




10.4 31.7 ± 10.4 0.71 ± 0.23  0.0  (0 / 3) 0.0  (0 / 3) 0.0  (0 / 3) 33.3  (1 / 3) 66.7  (2 / 3) 




11.8 12.1 ± 12.2 0.33 ± 0.26  14.3  (1 / 7) 0.0  (0 / 7) 28.6  (2 / 7) 57.1  (4 / 7) 0.0  (0 / 7) 
3 C 10 1 
80.0 ± 
16.7 89.5 ± 6.9 10.0 ± 17.8 0.41 ± 0.45  30.0  (3 / 10) 10.0  (1 / 10) 10.0  (1 / 10) 20.0  (2 / 10) 30.0  (3 / 10) 




11.6 14.0 ± 16.4 0.42 ± 0.37   20.0  (4 / 20) 5.0  (1 / 20) 15.0  (3 / 20) 35.0  (7 / 20) 25.0  (5 / 20) 
4 A 3 0 
73.3 ± 
17.6 91.7 ± 5.8 18.3 ± 18.9 0.60 ± 0.26  0.0  (0 / 3) 0.0  (0 / 3) 0.0  (0 / 3) 66.7  (2 / 3) 33.3  (1 / 3) 




24.1 14.0 ± 27.0 0.30 ± 0.53  40.0  (2 / 5) 0.0  (0 / 5) 20.0  (1 / 5) 0.0  (0 / 5) 40.0  (2 / 5) 




17.7 0.0 ± 22.6 0.22 ± 0.49  40.0  (2 / 5) 0.0  (0 / 5) 0.0  (0 / 5) 40.0  (2 / 5) 20.0  (1 / 5) 




19.1 9.6 ± 23.2 0.34 ± 0.45   30.8  (4 / 13) 0.0  (0 / 13) 7.7  (1 / 13) 30.8  (4 / 13) 30.8  (4 / 13) 




22.5 40.0 ± 20.0 0.59 ± 0.32  0.0  (0 / 3) 0.0  (0 / 3) 33.3  (1 / 3) 33.3  (1 / 3) 33.3  (1 / 3) 
Semester B 8 No datan 
No 








16.7 27.5 ± 10.4 0.40 ± 0.15  0.0  (0 / 8) 0.0  (0 / 8) 25.0  (2 / 8) 75.0  (6 / 8) 0.0  (0 / 8) 




17.9 30.9 ± 13.8 0.45 ± 0.21   0.0  (0 / 11) 0.0  (0 / 11) 27.3  (3 / 11) 63.6  (7 / 11) 9.1  (1 / 11) 




21.1 23.7 ± 16.1 0.48 ± 0.27   0.0  (0 / 15) 6.7  (1 / 15) 13.3  (2 / 15) 53.3  (8 / 15) 26.7  (4 / 15) 




15.7 12.3 ± 17.3 0.25 ± 0.32   19.2  (5 / 26) 15.4  (4 / 26) 23.1  (6 / 26) 34.6  (9 / 26) 7.7  (2 / 26) 




18.9 14.0 ± 20.7 0.31 ± 0.37   20.5  (9 / 44) 9.1  (4 / 44) 18.2  (8 / 44) 
36.4  (16 / 
44) 15.9  (7 / 44) 




18.3 15.2 ± 19.2 0.32 ± 0.35   
16.5  (14 / 
85) 10.6  (9 / 85) 
18.8  (16 / 
85) 38.8  (33 / 85) 
15.3  (13 
/ 85) 
aNumber of students who completed both pre- and post-assessments 
bNumber of students who failed to complete either pre- or post-assessment and were excluded from analysis 
c%Pre-Score = [(pre-score/10)*100] ± standard deviation 
d%Post-Score = [(post-score/10)*100]  ± standard deviation 
e%Absolute Gain = {[(post-score - pre-score)/10] *100}  ± standard deviation 
fNormalized Change = [(post-score - pre-score)/(10 - pre-score)]  ± standard deviation 
g c<0; pre-score > post-score 
hc = 0.0; pre-score = post-score 
ic < 0.3 
j0.3 ≤ c < 0.7 
kc ≥ 0.7 
lPooled results for all participating universities 
mPre-assessment completed before course material presented, post-assessment completed after conclusion of case 4 and group case study projects  
nPre- and post-assessments were not available from University B 
oPooled results for all cases and semester-long assessment
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“University” had a significant impact on normalized change where university A 
mean c was 0.23 (CI95 =0.02, 0.44; p=0.0001) greater than university B. University C 
mean c (0.31 ± 0.37) was not significantly different from either university A (0.48 ± 
0.27) or university B (0.25 ± 0.32) (Table 6.1; α=0.05).  Differences in mean student 
learning by university could be due to variations in class size, onsite facilitator efficacy, 
or factors unrelated to the current course such as university admittance standards or 
availability of other food safety related curricula. 
A large number of variables have been identified in previous studies that play a 
role in the efficacy of educational models.  Most specific to this study presented here, 
factors identified as having effects include (i) perceived need and skill proficiency by 
instructor, (ii) shared vision and initial audience interest, (iii) shared decision-making or 
collaboration in groups, (iv) adequate task formulation, and (v) leadership within 
audience members (reviewed in Durlak & DuPre 2008). The students in this course were 
all pursuing a higher level of education in preparation for or as part of graduate school 
and thus may be more apt to step into leadership roles (Durlak & DuPre 2008 ). The 
efficacy of multiple methods for introducing materials including remote-site application 
and variations from case study 1 to case study 4, and knowledge retention over the course 
is identified here.  Other studies in food safety have evaluated differences in instructional 
techniques for food safety education.  Specifically, training for quick service employees 
(traditional methods or computer-assisted interactive methods) has been studied.  
Computer-assisted, interactive methods showed an increase in instructional ease and 
maximum knowledge retention a week post-instruction (Costello et al. 1997). The 
increased knowledge base represented by increased maximum gains in the latter part of 
the course can be attributed to the interactive nature of the modules and the method 
schemes.   
 
6.3.4 Location of Case Study and Authorship Did Not Significantly Impact Individual 
Student Performance 
Case-study authorship—whether the on-site instructor for each student developed 
the case study—did not significantly impact mean c, yet the range of data is noteworthy.  
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The normalized change interquartile range of students whose in-classroom instructor 
developed the case study was narrow (0.25, 0.50) compared to students in classrooms 
with non-author instructors (0.0, 0.59) (Figure 6.3b). Students who experienced in-person 
instructor interactions had an overall mean c 0.14 (CI95 = 0.01, 0.28) greater than students 
who only communicated with instructors via video conferencing and email (Figure 6.3c). 
We hypothesize that instructors who developed the case study are better able to 
communicate learning objectives to the students in the classroom.  We predict that if 
students struggled with concept application, they were given additional instruction, which 
increased their overall scores to a consistently higher level compared to classrooms with 
instructors less familiar with the intricacies of the case study.   
 
6.4 Conclusion 
In this study, a multi-institutional course was developed that (i) provided an 
understanding of biological and transmission characteristics of different foodborne 
pathogens, (ii) conceptually utilized current methods used to detect and subtype 
foodborne pathogens and (iii) identified the causes and mechanisms of food 
contamination in different parts of the farm to fork continuum.  The overall goal was 
achieved by developing core competencies in epidemiology and microbiology in future 
food safety professionals to help them be more prepared to prevent, solve and explain 
practical food safety challenges. Overall, students had significant learning gains both in 
the course overall and within each case study introduced.  By the second half of the 
course, students had reached a maximum aptitude for the molecular and epidemiological 
approaches.  Students had an interest and preliminary background in the field of food 
safety, which likely increased the likelihood of learning gains.  However, simultaneous 
implementation of multiple new approaches to improve curricula (e.g., case-study course, 
multiple-university, multiple-instructor, on-line and group learning environment) 
represented a major challenge. Future efforts to implement new course ideas may benefit 
from a more conservative approach that only implements one new didactic approach at a 
time. The four case study modules provided here, along with other supporting material, 
are a vetted guide for other instructors to develop interactive, critical thinking and 
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problem solving-based curricula.  The developed materials are available to academic 
partners to utilize in their curricula to help develop future food safety experts with 







CHAPTER 7. CONCLUSIONS AND FUTURE WORK 
In conclusion, molecular methods allow for a better understanding of the 
prevalence and persistence of pathogens in the food continuum. By observing the 
reaction of foodborne pathogens, more effective interventions can be used to mitigate 
environmental harborage.  The use of WGS and transcriptomic methods (RNA-Seq, 
microarray, qRT-PCR) provided information on the use of regulatory networks and genes 
specific to resistance in L. monocytogenes and MRSA.  Food Safety professionals need 
training on theory and application of molecular methods.  One full semester course and 
two individual course modules were developed and implemented in a university setting.  
The effectiveness of the developed materials was measured through student learning 
gains and knowledge base pre- and post-instruction.     
The effects of a popular sanitizer, ClO2, were investigated in L. monocytogenes.  
Microarray analysis revealed 340 differentially expressed genes in L. monocytogenes 
exposed to 300mg/L ClO2; 223 genes were upregulated (fold change >1.5; adj. p-value 
<0.05) and 117 genes were downregulated (fold change <0.05; adj. p-value <0.05). Genes 
encoding for protein management and metabolite scavenging were upregulated while 
differential expression was observed in genes encoding for cell components.  Stress 
response regulons, σB and CtsR were active in response to ClO2 with 113 and 16 gene 
differentially expressed, respectively, belonging to these regulons. The ΔsigB and ΔctsR 
mutants were more susceptible to 300mg/L ClO2 than the wildtype strain.  To my 
knowledge, this is the first study to look at the transcriptional response to ClO2. Specific 
to L. monocytogenes, future work should include the investigation of other popular 
sanitizer compounds including quaternary ammonia compounds, iodine and alkaline-
based compounds and foaming agents.  The studies presented here worked with cultures 
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in a broth system.  As such, L. monocytogenes cultures were provided ideal conditions 
necessary for optimal growth prior to and during exposure.  Conditions similar to food 
processing environments are still needed to fully understand the response of L. 
monocytogenes to interventions.  Investigations are still necessary involving sanitizer 
treatments and the transcriptomic response of L. monocytogenes on materials common to 
food processing surfaces (e.g. stainless steel and plastics) and the surfaces of produce and 
meat products.  Biofilm formation and resistance to sanitizers provides another avenue to 
pursue as the presence of organic materials and exopolysaccharide layers can provide 
protection to sanitizer agents. 
The transcriptional responses of MRSA to typical antibiotics, tetracycline and 
vancomycin, were observed.  RNA-Seq was used to define the transcriptional response of 
cells with and without exposure to antibiotic.  Addition of tetracycline resulted in 1641 
differentially expressed genes, with 821 genes upregulated (adj. p-value <0.05).  Addition 
of vancomycin resulted in 311 differentially expressed genes, with 169 genes upregulated 
(adj. p-value <0.05).  The effects of both antibiotics are bacteriostatic.  We hypothesized 
that cell growth was stopped as a result of the downregulation of genes encoding for 
metabolic functions and cell wall, membrane and envelope biosynthesis.  The σB regulon 
activity increased under vancomycin treatment but decreased during tetracycline 
treatment providing insight into the differing stress response to these antibiotics.  Future 
work proposed includes the use of other antibiotics.  Tetracycline and vancomycin were 
chosen based on their popularity.  The concentration of vancomycin chosen was low 
enough to be bacteriostatic.  A higher concentration with bactericidal characteristics but 
lower exposure time is suggested.  Decreasing time of exposure with increased 
concentrations is necessary, as longer exposure would be lethal to the cell population.  
Also, the application of additional stressors to accompany antibiotic exposure is 
suggested, specifically osmotic stress.  The study performed presents several 
bioinformatics tools used for analysis.  Three separate analysis packages, DESeq2, 
EdgeR and Voom, were used to identify differential expression.  Also, genomic 
sequencing was performed on the strain used for all investigations, MRSA SF8300.  
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Further scaffold closure was performed using the SSPACE program and raw RNA-Seq 
reads to complement the gDNA sequencing reads.   
The third study involved the MRSA σB-regulon and identifying the effects of a 
possible σB inhibitor, FPSS.  While the first two studies investigated the response of L. 
monocytogenes and MRSA to a specific agent, the σB regulatory network in MRSA was 
focused on here.  A stress response was induced by applying 10% NaCl.  The wildtype 
JE2 strain was compared with JE2 rpoF::TnT, both exposed to osmotic stress.  A total of 
197 genes were upregulated and 174 genes were downregulated in the rpoF::TnT strain 
(adj. p-value <0.05).  The response to osmotic stress was also defined, comparing the 
transcriptome of wildtype with and without exposure to NaCl.  A total of 68 genes were 
differentially expressed with 31 genes upregulated (adj. p-value <0.05) in the NaCl 
exposed culture.  The rpoF::TnT strain was less tolerant to NaCl with an MIC of 9.4% 
while the MIC for the wildtype strain was 13.8%.  The effect of a novel therapeutic, 
FPSS, that inactivates the σB regulon in L. monocytogenes and B. subtilis, was also 
investigated.  NaCl tolerance was lowered, with an MIC comparable to the rpoF::TnT 
strain in cultures exposed to 64μM FPSS.  Transcriptome analysis revealed the small 
molecule to be less effective than expected in MRSA under the conditions applied.  It is 
suggested that exposure time (15 min) and concentration (64μM) be increased to further 
test efficacy of the small molecule.  Phenotypic work is proposed investigating the role of 
σB, exposing the rpoF::TnT strain created here to other stressors (e.g. acid, heat, ethanol, 
hydrogen peroxide).  Future work should include additional transcriptomic studies 
involving other stressors to define the genes regulated by σB. Furthermore, the RNA-Seq 
and WGS data provide a means to define σB promoter regions through further 
bioinformatics analysis.     
Course curricula involving the theory and hands-on use of molecular methods 
were implemented in Food Microbiology and a Case study-based courses.  The course 
components provided in these two studies are tools available to other institutions.  
Interactive approaches were shown to be effective in driving student learning.  Teaching 
methods to engage the attention of students and to build critical thinking skills is a 
necessity in the applied field of Food Microbiology.  As stated, the lecture and laboratory 
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materials used for the Food Microbiology curricula update are provided online, for use by 
other instructors and universities.  The materials proven to be successful at Purdue 
University need to be tested at other institutions where student academic backgrounds are 
different from those at Purdue.  While the Case-study based course was used at four 
universities concurrently, the materials need to be implemented over multiple years to 
fully define efficacy.  As technologies advance, updates need to be made by institutions 
using the materials provided.  An example of this is the growing interest of WGS in Food 
Safety.  The FDA has partnered with Illumina (a leader in NGS platform development) to 
use WGS for outbreak investigations.  Although the theory of this technology was 
presented in lectures and final data was used in the Case-study based course, managing 
data and seeing the process flow from start to finish needs to be taught, in a hands-on 
format.  
Finally, the overall theme of the studies presented here is the role of molecular 
methods in the discipline of Food Safety.  By more thoroughly understanding how 
foodborne pathogens react to intervention strategies, therapeutics and environmental 
changes, effective approaches to mitigate pathogen presence can be taken.  Observing the 
transcriptomic responses of L. monocytogenes to a sanitizer and MRSA to osmotic and 
antibiotic stress provided insight into the stress response of these two prevalent foodborne 
pathogens.  Accurately using these methods (WGS, RNA-Seq, PCR, PFGE, microarray, 
qRT-PCR) requires an adequate knowledge base.  The teaching modules used here 
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